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Abstract
Hybrid fuel-cell-based propulsion systems have the potential to transform the use of small
electric powered unmanned aircraft. Offering the possibility of greatly increased flight
endurance and range over existing battery systems, hybrid systems also overcome some
of the limitations inherent with fuel cell only systems such as low specific power and
comparatively slow dynamic response. However, although there have been many fuel-
cell/battery hybrid systems developed for unmanned aerial vehicle (UAV) propulsion,
alternative power storage devices such as supercapacitors have not been adequately ex-
plored. Supercapacitors are fast acting with a high specific power and cycle lifetime,
making them ideal candidates for use in a fuel cell hybrid system.
This research develops and evaluates the use of hybrid fuel cell propulsion systems in-
corporating supercapacitors in the overall hybrid architecture. First, the performance of
supercapacitors is evaluated and compared with the performance of fuel cells and batteries
to enable an assessment of the strengths and weaknesses of the different energy sources.
Next, the integration of supercapacitors with fuel cells is performed in a robust and effi-
cient manner that ensures the hybrid system architecture maximises the benefits inherent
in each of the power sources. A comparison is made between fuel-cell/battery, fuel-
cell/supercapacitor, and fuel-cell/battery/supercapacitor hybrids for a UAV propulsion
application through hardware-in-the-loop simulation. Finally, flight testing of a fuel-cell-
based triple hybrid in a small UAV is performed to validate the operation and performance
of the power system.
ii
This work successfully combines a supercapacitor with a fuel-cell/battery hybrid to
form a fuel-cell/battery/supercapacitor triple hybrid system. Lab testing demonstrates
that the addition of a 7 F 25 V supercapacitor as a passive hybrid in parallel to the 150
W fuel cell results in the supercapacitor providing or absorbing the initial bursts of power
during load changes. This reduces the requirement for rapid response from the fuel cell
and enables an increase of the fuel cell power output time constant from 0.1 to 5 s for a
200 W step load on the hybrid system. The peak power supplied by the supercapacitor
during this step load is 120 W. A lifting of the capacitance from 7 F to 14 F doubles
the time constant to 10 s, yielding further enhancement in expected fuel cell lifetime as a
result of the reduced rate of change of current.
Hardware-in-the-loop testing featuring a six degree of freedom flight simulator and a
hardware autopilot is used to provide controlled and repeatable test conditions for the
hybrid power system. The Grob G109 aerodynamics and complete propulsion powertrain
are simulated in a closed loop environment with the fuel-cell/battery/supercapacitor triple
hybrid hardware operating in the loop, using estimated aerodynamic properties, lab test
and flight test data. The load smoothing capability of the supercapacitor is verified with
the fuel cell voltage time constant increasing from 0.1 to 20 s for a 14 F configuration
when throttling down. Turbulence and wind effects greatly increase the load smoothing
demand on the hybrid system, with a 12 knots gusting to 25 knots wind yielding a 340%
increase in the supercapacitor energy cycling compared to calm conditions. Energy cycling
through the supercapacitor directly reduces the requirement for the fuel cell to respond
to rapid load changes resulting in an improvement in fuel cell lifetime.
The triple hybrid is integrated into a 2.77 m wingspan, 6.5 kg UAV based on a modified
1:6 scale Grob G109 electric glider. During cruise at 17 m/s, the aircraft draws 110–130 W
of electrical power using a 17 x 12” propeller. The 7 F 25 V supercapacitor demonstrates
a peak boost power of 310 W during the take-off roll of one test flight, whilst absorbing
and re-releasing more than 1.4 Wh of energy during the 10 minute flight. This test flight
validates the load smoothing capability of the supercapacitor in the triple hybrid power
system.
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1. Introduction
The use of unmanned aerial vehicles (UAVs) has experienced exponential growth in both
civilian and military applications. The convergence of miniaturised electronics, lightweight
lithium polymer batteries and low-cost remote-control or autopilot systems has enabled
unprecedented access to highly capable aerial systems. In the US alone, there are over
770,000 registered unmanned aircraft, more than double the number of manned aircraft
[1]. These UAVs are predominantly electrically powered with a lithium polymer battery
used as the power source, especially at the small end of the spectrum.
Although lithium polymer batteries provide a low cost and simple energy source for
UAVs, current battery technology is limited in available specific energy. The result is
a limitation in the flight endurance and range capability of the UAV. A power source
with a high specific energy is required to enable an increase in the range and endurance.
Polymer electrolyte membrane fuel cells (PEMFCs) offer an order of magnitude increase
in specific energy compared to existing lithium polymer battery technology, but have a
much lower specific power compared to batteries. In addition, PEM fuel cells also suffer
from slow dynamic response to transient loads, particularly for lightweight self-humidified
fuel cells [2–6]. To mitigate this effect, hybrid systems are typically coupled with the fuel
cell where a secondary power source such as a battery is used to provide boost power and
load smoothing for the fuel cell.
Although there is substantial research and development on fuel-cell/battery hybrids
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for UAV applications, literature on fuel-cell/supercapacitor and other supercapacitor aug-
mented hybrid systems for UAVs is lacking. Supercapacitors have a lower specific energy
than batteries, but possess a high specific power and extended cycle lifetime that is ad-
vantageous for hybrid systems. In light of this, the following research questions are posed:
Can supercapacitors be used to improve the performance of fuel cell hybrid power sys-
tems in UAVs? What benefits and drawbacks do supercapacitors bring? How would super-
capacitors be integrated into the power system? How can the performance of the different
configurations be evaluated in conditions encountered in UAV power systems?
This dissertation aims to bridge the gap in literature and present novel research into
the use of supercapacitors in fuel cell hybrid propulsion systems for UAVs. In this chapter,
an overview of the research objectives is presented. Following this, a summary of novel
contributions to literature and research publications from this body of work is given.
Finally, an overview of this dissertation by chapter is presented to guide the reader through
this dissertation.
1.1 Research Objectives
The overarching objective of this research is to investigate the use of supercapacitors
to improve the performance of fuel-cell-based UAV propulsion systems. Although using
supercapacitors in fuel cell hybrid systems has been demonstrated in other applications,
there is a lack of work published on the use of supercapacitors in UAV power applications.
Supercapacitors are expected to provide a complimentary function in fuel cell hybrid
systems, yielding load smoothing to the fuel cell in addition to boost power during rapid
load increases. In light of these considerations the following aims are presented:
• Evaluate the potential benefits of supercapacitors for fuel cell hybrid systems and
investigate the different hybrid architectures required to incorporate supercapacitors
into a fuel cell hybrid power system for a small electric UAV propulsion application.
• Develop methods of modelling the UAV aerodynamics and propulsion powertrain to
enable accurate, repeatable testing of the fuel cell system under a variety of hybrid
configurations and flight conditions such as wind gusts.
• Integrate a fuel cell hybrid system with a supercapacitor into the UAV to validate
the power system performance under different flight conditions and missions.
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To carry out these aims, a triple hybrid power system incorporating a fuel cell, bat-
tery, and supercapacitor is designed, constructed, and compared to the performance of
a conventional fuel-cell/battery hybrid system. A closed loop hardware-in-the-loop flight
simulator is implemented for performance evaluation of different system configurations
under representative flight conditions. Flight test validation is achieved through integra-
tion of the triple hybrid system into a 1:6 scale Grob G109 electric glider, along with
optimisation of the electric powertrain to the voltage and current characteristics of the
hybrid power source.
1.2 Unique and Novel Contributions
This dissertation presents several novel contributions in the field of fuel cell hybrid systems
and UAV propulsion. These include:
• The first in-depth investigation into the use of supercapacitors in fuel cell based
hybrid systems for UAV propulsion. Supercapacitors possess high specific power
and cycle lifetimes that are attractive properties for use in load levelling and load
smoothing applications. Significant load smoothing is observed in the bench testing,
hardware-in-the-loop simulation, and flight testing using a fuel cell hybrid system
with a supercapacitor.
• Development of a fuel cell hybrid hardware-in-the-loop test bench incorporating a
high fidelity six degree of freedom aircraft flight simulator. Flight testing is a risky
and time consuming method to characterise the performance of the power system.
An alternative in the form of a hardware-in-the-loop simulator is developed that
enables precise and repeatable testing of the hybrid power system in a closed-loop
simulation of the UAV, with control of simulated flight conditions such as wind
gusts. This system is found to generate results that accurately model the behaviour
of the aircraft and its effect on the fuel cell hybrid power system.
• A world first flight demonstration of a fuel-cell/battery/supercapacitor triple hybrid
system in a UAV application. This flight demonstration validates the performance
and capabilities of the triple hybrid system under real flying conditions, as well
as providing a benchmark for the hardware-in-the-loop simulator. This is the first
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fuel-cell/battery/supercapacitor triple hybrid power system used for aircraft propul-
sion in the world, and confirms the benefit of the supercapacitor in providing load
smoothing for the fuel cell and improved system dynamic response.
1.3 Research Publications
Key findings in this thesis have been published in international peer-reviewed journals
and presented at conferences. A list of publications is shown below, and some material
from these publications is integrated into this dissertation.
1.3.1 Journal Papers
• D. Verstraete, K. Lehmkuehler, A. Gong, J.R. Harvey, G. Brian, J.L. Palmer, ‘Char-
acterisation of a hybrid, fuel-cell-based propulsion system for small unmanned air-
craft’, Journal of Power Sources, 2014, Vol 250, pages 204-211.
• D. Verstraete, A. Gong, D.D.C. Lu and J.L. Palmer, ‘Experimental investigation of
the role of the battery in the AeroStack hybrid, fuel-cell-based propulsion system
for small unmanned aircraft systems’, International Journal of Hydrogen Energy,
2015, Vol 40, Issue 3, pages 1598-1606.
• A. Gong, J.L. Palmer, G. Brian, J.R. Harvey and D. Verstraete, ‘Performance of
a hybrid, fuel-cell-based power system during simulated small unmanned aircraft
missions’, International Journal of Hydrogen Energy, 2016, Vol 41, Issue 26, pages
11418-11426.
• A. Gong, D. Verstraete, ‘Fuel cell propulsion in small fixed-wing unmanned aerial
vehicles: current status and research needs’, International Journal of Hydrogen En-
ergy, 2017, Vol 42, Issue 33, pages 21311-21333.
1.3.2 Conference Papers
• A. Gong, J.L. Palmer, G. Brian, J.R. Harvey, D. Verstraete, ‘Hardware-in-the-loop
simulation of a fuel-cell-based UAV propulsion system using real-world flight data’,
2014, Fourth Australasian Unmanned Systems Conference, Melbourne, Australia.
• A. Gong, D. Verstraete, ‘Extending range and endurance estimates of battery pow-
ered electric aircraft’, 2015, 16th Australian Aerospace Congress, Melbourne, Aus-
tralia.
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• A. Gong, D. Verstraete, ‘Development of a dynamic propulsion model for electric
UAVs’, 2015, 7th Asia-Pacific International Symposium on Aerospace Technology
(APISAT), Cairns, Australia.
• A. Gong, D. Verstraete, ‘Evaluation of a hybrid fuel-cell based propulsion with
a hardware-in-the-loop flight simulator’, 2017, 23rd International Society of Air
Breathing Engines (ISABE) Conference, Manchester, UK.
• A. Gong, D. Verstraete, ‘Design and bench test of a fuel-cell/battery hybrid UAV
propulsion system using metal hydride hydrogen storage’, 2017, 53rd AIAA/SAE/ASEE
Joint Propulsion Conference, Atlanta, USA.
• A. Gong, D. Verstraete, ‘Experimental testing of electronic speed controllers for
UAVs’, 2017, 53rd AIAA/SAE/ASEE Joint Propulsion Conference, Atlanta, USA.
• A. Gong, R. MacNeill, D. Verstraete, ‘Performance testing and modeling of a brush-
less DC motor, electronic speed controller and propeller for a small UAV’, 2018, 54th
AIAA/SAE/ASEE Joint Propulsion Conference, Cincinnati, USA.
• A. Gong, R. MacNeill, D. Verstraete, ‘Analysis of a fuel-cell/battery/supercapacitor
hybrid propulsion system using a hardware-in-the-loop flight simulator’, 2018, 1st
AIAA/IEEE Electric Aircraft Technologies Symposium (EATS), Cincinnati, USA.
• A. Gong, J.L. Palmer, D. Verstraete, ‘Flight test of a fuel-cell/batttery/supercapacitor
triple hybrid UAV propulsion system’, 2018, 31st Congress of the International
Council of the Aeronautical Sciences, Belo Horizonte, Brazil.
1.4 Overview by Chapter
An overview by chapter of the remainder of this dissertation is presented here as a guide
to the overall structure of the thesis.
Chapter 2 - Literature Review This chapter provides a critical review of existing
work on fuel cell based hybrid propulsion systems for unmanned aircraft. The key findings
of published literature are summarised along with gaps in existing knowledge.
Chapter 3 - Experimental Setup This chapter provides an overview of the lab
equipment used in the design, test, and evaluation of the fuel cell based hybrid UAV
propulsion system. Schematics of the different bench test set-ups are presented here.
An introduction is also given to the 1:6 scale Grob G109 electric glider used as the test
airframe, along with the fuel cell hybrid airframe integration and data acquisition (DAQ)
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package used to monitor the power system in flight.
Chapter 4 - Component Testing and Modelling This chapter provides results
and discussion of bench tests on the individual components that comprise the fuel cell
based hybrid system. These components include the fuel cell, battery, and supercapacitor
as well as the hydrogen storage system used during test flights. Details of the models
used in simulating powertrain performance including the propeller, motor, and electronic
speed controller (ESC) are also presented in this chapter and validated with experimental
results.
Chapter 5 - Hybrid Architecture and Design This chapter covers the archi-
tecture and design of the prototype hybrid propulsion system. A number of configu-
rations are modelled and evaluated, including fuel-cell/battery, fuel-cell/supercapacitor,
and fuel-cell/battery/supercapacitor hybrid architectures. Physical implementations are
also presented with test results for a comparison between the different hybrid topologies.
Chapter 6 - Hardware-in-the-Loop Testing This chapter covers the results of
mission simulation and hardware-in-the-loop testing on the integrated hybrid fuel cell
propulsion system. A closed loop simulation of the complete aircraft flight dynamics and
propulsion system is used to ‘fly’ the fuel cell hybrid system. A discussion of the results
using different hybrid configurations and flight conditions is presented here.
Chapter 7 - Flight Testing This chapter covers the validation of the hybrid fuel
cell propulsion system through flight testing. The results of the flight testing for fuel-
cell/battery and fuel-cell/battery/supercapacitor configurations are detailed and discussed.
Chapter 8 - Conclusion This chapter provides the conclusions of this dissertation,
the novel contributions of this research, and a summary of areas for future work.
2. Literature Review
This chapter provides a literature review of the existing body of work related to fuel
cell power hybrid systems for UAV propulsion. An overview of the performance of ex-
isting fuel cell, battery, and supercapacitor technology is presented, and a comparison
made between the different power sources. Next, a summary of previous fuel-cell-powered
UAVs is given as a background to this work on supercapacitor integration into the hybrid
system. Hybrid system design and architecture is discussed with consideration of power
management and maximising the benefits of each of the power sources. Finally, a review
of fuel-cell/supercapacitor hybrids in non aerospace propulsion applications is detailed as
a precursor to the use of flight testing and hardware-in-the-loop simulation to evaluate
supercapacitor hybrids for UAV propulsion.
Significant parts of this literature review are taken from the review article published in
the International Journal of Hydrogen Energy, 2017, titled ’Fuel Cell Propulsion in Small
Fixed-Wing Unmanned Aerial Vehicles: Current Status and Research Needs’.
2.1 Fuel Cells
Fuel cells are electrochemical devices that convert chemical energy stored in fuel directly
into electricity. This direct conversion of energy allows a greater efficiency than heat en-
gines such as piston and gas turbine engines, especially at the small size of UAV propul-
sion [7]. Furthermore, unlike batteries, energy is limited only by the ability to store and
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supply fuel. Fuel cells are placed together in series to generate an acceptable voltage
range, known as a fuel cell stack, while the maximum current capability is determined by
the membrane cross-sectional area of each cell. Ancillary equipment needed to maintain
fuel cell operation such as cooling and reactant flow control is known as the balance-
of-plant, and depends on the type of fuel cell selected as well as design decisions. Fuel
cells are not a single device but represent a class of devices that electrochemically convert
chemical energy to electricity. The different types of fuel cells, each with unique chemistry
(electrolyte and catalysts) and operating characteristics (eg. temperature), are shown in
Table 2.1. In this body of work, polymer electrolyte membrane fuel cells are used due
to their simplicity, low temperature operation, and lightweight construction. As such,
principles of other fuel cell types will not be covered here.
Table 2.1: Properties of Commonly Used Fuel Cell Types in UAVs [8–15]
Fuel Cell Fuel Efficiency Temp. Stack Specific System Specific
Type (%) (◦C) Power (W/kg) Power (W/kg)
PEMFC Hydrogen 40-60 30-100 >500 >150
DMFC Methanol 20-30 20-90 >70 >50
SOFC Hydrocarbon 30-50 500-1000 >800 >100
Polymer electrolyte membrane fuel cells (a.k.a. proton exchange membrane fuel cells
or PEMFCs) are the most widely used fuel cells in the propulsion of aircraft. PEMFCs
are simple, lightweight, respond rapidly to load changes, have a (comparatively) high
specific power, and operate at low temperatures [8]. This makes them well suited to the
requirements of UAV propulsion. Furthermore, the high level of technical maturity and
low cost relative to competing fuel cell types make them a worthy candidate for extending
range and endurance of UAVs. An example of a small PEMFC is shown in Figure 2.1.
Figure 2.1: A Small Polymer Electrolyte Membrane Fuel Cell
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PEMFCs operate with a typical efficiency in the range of 40–60% [8, 16], and this
efficiency is relatively independent of the size and power of the fuel cell stack for most
UAV application requirements. In addition, peak fuel cell efficiency typically occurs at
part load which is beneficial for cruise and loiter requirements of UAVs. By comparison,
heat engines such as piston and gas turbine engines lose significant efficiency at small
scales and with part load operation [17–20]. Thus, at small scales PEMFCs provide an
attractive option for extending the range and endurance capability of small UAV systems.
The specific power of a PEMFC system1 can be in excess of 150 W/kg, and this is highly
advantageous during high power phases of flight such as take-off and climb. The bulk of
literature and test flights to date has been performed using PEMFCs. Figure 2.2 presents
a comparison between the energy density and power density for a range of energy sources.
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Figure 2.2: Ragone Plot With Data of Small Fuel Cell Systems for UAVs [7]
2.2 Batteries
Batteries are the most commonly used electrical energy storage device used in the world
today. For electric aircraft propulsion, rechargeable lithium based battery chemistries
such as lithium polymer are most prevalent due to the high specific energy and power
available. Lithium polymer batteries have typical specific energy and power values of
150–250 Wh/kg and 2–10 kW/kg respectively [7, 21, 22]. Lithium polymer cells have a
fully charged voltage of 4.2 V, with a fully discharged voltage of ≈ 3.2 V. These cells
1System includes the fuel cell stack, balance-of-plant and fuel storage system
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are arranged in series to form batteries (or battery packs) with more acceptable voltage
ranges, with the number of cells in series being denoted as the number of ‘S’. For example,
a battery with 4 cells in series will be denoted as 4S.
Lithium polymer batteries can be tailored to either energy or power requirements.
High energy cells are designed to maximise the energy stored, but have a restricted rate
at which the energy can be released. The discharge rate is typically given in a non-
dimensional rating known as the C-rate, where a C-rate of 1 C corresponds to the current
required to completely discharge the battery in 1 hour. A C-rate of 2 C corresponds to
two times that rate (or approximately the current that would completely discharge the
battery in 1/2 hour). High power cells have a lower specific energy but can possess very
high discharge rates, with nominal battery pack ratings up to 65 C continuous and 130 C
burst. However, charge rates for lithium polymer cells remains comparatively low, with
maximum charge rates for most batteries of 5 C or less [21,23,24].
The key performance of a battery is given by its output discharge curve, and numerous
models have been developed to predict the change in voltage as the battery discharges
from fully charged to fully discharged. Most models will account for the activation and
concentration polarisation due to the battery internal chemistry, reactant depletion near
full battery depletion, and internal ohmic or resistive losses [25]. Further enhancements
are made by considering the discharge rate (C-rate), and corrections applied to model the
reduction in capacity at high rates of discharge [26]. These models will be used later in
this dissertation to predict the steady state performance of the battery in isolation and
integrated into a hybrid system.
2.3 Supercapacitors
Recent developments in technology have led to a new energy storage source known as
supercapacitors (also called ultracapacitors) [27]. Supercapacitors use the same principle
of conventional capacitors, using electrostatic charge to store energy. However, they have
much greater capacitances than conventional capacitors, allowing 10 times the specific
energy storage capability [28]. Although supercapacitors have a lower energy density
than either fuel cells or batteries, they have an instantaneous response time, high power
density, and high cycle efficiency, making them ideal as a boost power source [27]. Super-
capacitors can also survive lifetimes in excess of 10 million cycles, making them ideal for
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load smoothing and load levelling applications [29]. Supercapacitors occupy the top left
position in the Ragone plot in Figure 2.2 (labelled as ‘UC’).
Supercapacitors are typically modelled by the use of an equivalent electric circuit
model [27, 30]. A general n-th order equivalent circuit model is shown in Figure 2.3 [30].
This models the non-ideal phenomena of capacitance dependency on voltage and internal
resistance dependency on frequency. First or second order models may be used where
lower fidelity is acceptable [31,32], while higher orders may be required for more detailed
investigations [33]. Supercapacitor models will be used in subsequent Chapters to predict
performance of the supercapacitor in the overall hybrid power system.
Figure 2.3: Nth Order Supercapacitor Model [30]
2.4 Fuel Cell UAVs
The first documented fuel cell UAV flight is the Hornet UAV from AeroVironment in
2003 [34]. With a wingspan of only 38 cm, this platform demonstrated that fuel-cell-
powered flight was achievable. At the opposite end of the size spectrum, test flights of the
NASA Helios aircraft were being conducted in the same year. This aircraft has a 75 m
wingspan and is intended to test an 18.5 kW regenerative hydrogen fuel cell [35,36]. These
aircraft showed that fuel-cell-powered flight is feasible at both small and large scales.
These early programs led to a large research effort on the design, construction, and
flight testing of many small fuel-cell-powered UAVs. This included efforts from many uni-
versities [10,37–51], defence and independent research organisations [11,12,34,52–55], as
well as many corporately funded tests and demonstrations from companies like AeroVi-
ronment, Bluebird, Elbit, IAI, Insitu, Lockheed Martin, ST Aerospace, and UconSys-
tem [12, 56–70]. These research efforts have led to the huge increase in endurance, from
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just 15 minutes in 2003 to over 48 hours over the course of 10 years (Figure 2.4). A
description of a limited number of the most noteworthy aircraft follows hereafter. Unless
specifically stated, the vehicles are demonstration vehicles rather than operational aircraft
with payloads. A full Table showing a comprehensive list of fuel cell powered UAVs is
given in Appendix A.
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Figure 2.4: Historical Evolution of Endurance Capability of Fuel-Cell-Powered UAVs
( [12,38,41,68,69,71–74])
2.4.1 U.S. Naval Research Laboratory
Spider Lion
The U.S. Naval Research Laboratory (NRL) was greatly interested in increased flight
endurance of electric UAVs, leading to the development of the Spider Lion UAV [75].
This small UAV uses a 95 W PEMFC from Protonex to power a 2.5 kg UAV, culminating
in a successful 3 hr 19 min flight in November 2005 [12]. The success of this program led
to the XFC and Ion Tiger programs.
eXperimental Fuel Cell (XFC)
Following the success of the Spider Lion program, the eXperimental Fuel Cell (XFC)
platform was conceived in 2006 as a tube-launched unmanned platform to fill the role
of a small, tactical UAV using the capabilities demonstrated with fuel cell propulsion
systems [12]. The XFC UAV features a highly unconventional configuration with pivoting
wings to enable it to fit the space constraints of a tube-type container (Figure 2.5). It has
a take-off weight of 9.1 kg with a wingspan of 3.0 m when unfolded [12], and uses a 1 kg
300 W PEMFC [11]. Unlike many of the other platforms, the XFC was designed from the
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beginning for operational military use, and was successfully launched from a submerged
submarine in 2013 [12].
Figure 2.5: XFC With Unfolded Wings In Flight [76]
The fuel cell power system for the XFC was taken from the Ion Tiger program which
ran concurrently at the Naval Research Laboratory. This was a 36-cell Protonex PEMFC
with a power output of 550W in a 1kg package (Figure 2.6). This externally-humidified
fuel cell system includes the associated balance of plant with a blower, humidifier, coolant
pump, and control electronics. The fuel cell is designed to be highly flexible and can
operate continuously between 50 W and 500 W, with a peak efficiency of 42% [77]. Using
this propulsion system enables the XFC to achieve an endurance of 7 hours.
Figure 2.6: Protonex Technology Corporation 550 W Fuel Cell [78]
Ion Tiger
The Ion Tiger program ran parallel to the development of the XFC. Like the XFC, this
research platform was developed to validate new fuel cell propulsion technologies for
unmanned aircraft [12,52]. The Ion Tiger consists of a conventional configuration aircraft
with a weight of 15.9 kg and a wingspan of 5.2 m. By 2009, the Ion Tiger had demonstrated
2.4 Fuel Cell UAVs 14
a 26 hour flight time while carrying a 2.3 kg payload [52,77], setting an unofficial endurance
record. An updated version of the Ion Tiger achieved a flight time of over 48 hours in
2013 by using a liquid hydrogen tank [12,74,79,80].
2.4.2 Georgia Institute of Technology and Colorado State University
Some early work on fuel cell aircraft was performed at Georgia Institute of Technology.
Research by Bradley and Moffitt (from 2006 onwards) resulted in the development of one of
the first fuel-cell-powered UAVs with significant data in the public domain [38,40,81–88].
During this time, a 16.4 kg take-off weight, 6.58 m wingspan fuel-cell-powered UAV was
successfully designed, constructed and test flown (Figure 2.7) [40, 81]. A 500 W 32-cell
PEMFC stack from BCS Technology is used to power the UAV, with a custom liquid
cooling circuit used to maintain fuel cell temperature [83].
Figure 2.7: Georgia Tech. Demonstrator Fuel Cell Aircraft [83]
Bradley continued his work at Colorado State University from 2009 with a new ex-
tended endurance fuel cell UAV [42]. This features a 13.4 kg conventional configuration
UAV with a wingspan of 5.54 m, powered by a proprietary light weight 600W fuel cell
from UTRC [42]. The design endurance in excess of 24 hours was demonstrated using
hardware-in-the-loop simulation [42, 89], but this endurance has not been validated with
flight testing.
2.4.3 California State University and Oklahoma State University: Pterosaur
In 2004, California State University (CSU) investigated the design of a fuel-cell-powered
UAV for remote sensing purposes [90,91]. Analysis of the airframe design and propulsion
system integration was performed, and the availability of suitable fuel cells with sufficient
power-to-weight ratio and low cost were determined to be some of the greatest hurdles.
Nevertheless, research continued on fuel cell UAVs at the Multidisciplinary Flight
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Dynamics and Control Laboratory (MFDC) at CSU [91]. Having procured a suitable 650
W fuel cell from Horizon Fuel Cell Technologies the team demonstrated a successful flight
in August 2006 using a metal hydride tank to store hydrogen [92].
After this first flight, California State University continued to develop fuel-cell-powered
UAVs in an attempt to break range and endurance records in radio controlled aeroplane
classes. One of the developed platforms was the Pterosaur UAV by California State
University and Oklahoma State University. The Pteresoar used a 150 W PEMFC in a 5
kg aircraft with a 4-cell 2100-mAh LiPo battery used to provide boost power and set a
128 km (76 mile) range record [39,93].
2.4.4 University of Michigan: Endurance
In 2008, a new world record was set for the longest flight demonstrated at the time by
a fuel-cell powered plane. Students from the University of Michigan, together with solid
oxide fuel cell manufacturer Adaptive Materials Inc., achieved a total flight time of 10
hours and 15 minutes [41, 94] with the Endurance UAV. This flight not only achieved a
world record, it is also the first flight of a small propane-powered SOFC.
2.4.5 KARI: EAV1 & EAV2
The Korea Aerospace Research Institute (KARI) has integrated a number of fuel cell
systems into unmanned aerial platforms. In 2010, KARI integrated the AeroPak hybrid
system from Horizon Fuel Cell Technologies into a 2.4 m wingspan 6.5 kg EAV-1 UAV
and achieved an endurance of 4.5 hours [95].
The successor to this platform came with the development of the EAV-2 UAV. This
aircraft consists of a 18 kg sailplane configuration with a 6.9 m wingspan. The 200 W
fuel cell remains the same as in EAV-1 but a 240 W solar-cell array is added to generate
additional power, and a 1.3 kW battery is used to smooth out power fluctuations and
store excess energy [95]. The EAV-2 is the first small platform to combine solar and fuel
cell technologies.
2.4.6 KAIST
In 2007, the Korea Advanced Institute of Science and Technology developed a blended
wing body micro air vehicle (MAV) powered by a 50 W fuel cell [53]. Hydrogen was
chemically generated on board using sodium borohydride. Take-off was performed using
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battery power with the fuel cell providing power during cruise, and a flight time of 5 hr
was demonstrated.
KAIST continued this work with fuel-cell-powered UAVs, developing a larger conven-
tionally configured aircraft in 2011 [47]. This platform has a wingspan of 2 m with a
weight of 2.5 kg and successfully flew for 2.5 hours. In 2013 KAIST joined forces with
other Korean research organisations to develop an even larger fuel-cell-powered UAV with
a 2.9 m wingspan and 7.5 kg take-off weight [96]. A unique ammonia borane hydrogen
generator was used yielding a flight time of 57 mins.
2.5 Power Management and Fuel Cell Hybridisation in UAVs
One of the key disadvantages of fuel cells is the low power density compared to other power
sources (Figure 2.2). As a consequence, the fuel cell may either have insufficient power
during highly demanding phases of flight such as take-off and climb, or may be oversized
for cruise operation which results in a considerable weight penalty [48]. Operation close to
the maximum power point additionally occurs under extreme conditions with a cell voltage
typically lower than 0.45 V [97]. When operated in this region, the fuel cell will likely suffer
from local dehydration and/or membrane flooding and reactant starvation [97]. This could
reduce the fuel cell’s lifetime and increase the risks of catastrophic failures. Because of
these requirements, the majority of fuel-cell-powered UAVs have incorporated some degree
of hybridisation, whereby the fuel cell is augmented by another power source during times
of high power demand. The use of power management is required to effectively balance
the load between the two (or more) power sources. Power management systems are
typically split into passive hybrids, where load allocation is not controlled but determined
by voltage matching, and active hybrids, where the load allocation between the power
sources is selected and controlled.
From 2010, the Korea Aerospace Research Institute (KARI) has developed power man-
agement systems for fuel cell based hybrid propulsions systems. Their power management
systems were created to deal with a multitude of power sources, investigating both passive
and active power control strategies via simulation, bench and flight testing [95]. Models
of three different powers sources (solar cell, fuel cell and battery) were developed and cou-
pled with an active power management system. The performance of this integrated power
system was then simulated and verified using flight-test data from a previously tested fuel
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cell UAV. The active power management system was able to maintain the required 30%
state of charge of the battery, while the passive system had only 24.2% remaining after
4.5 hours during winter solstice [54]. During summer solstice operation, excess energy was
available from the solar cells and operation with only solar cells and fuel cells was feasible.
Further development by KARI allowed the flight testing of the active power management
system in the EAV-2 UAV. In this aircraft, the three power sources (solar cells, fuel cells,
and batteries) were integrated into a 18 kg 6.9 m wingspan UAV [98]. A flight test of
over 22 hours in 2012 validated the performance of the power management system and
simulation results.
Cranfield University also investigated power management systems for UAVs [99–102].
This work looked at power management for a system containing a closed cathode PEMFC
and lithium-ion battery. This system optimised the performance of the fuel cell with three
operating phases: start-up, charging, and high power. A 2.6% energy saving was identified
in the optimum compressor configuration for a 10-20 kg class UAV compared to a constant
compressor power [100].
Passive power management systems are commonly used in fuel-cell/battery research
UAVs. KAIST and Chosun University have used voltage balancing between a fuel cell
and battery for the passive hybrid system with a charger to recharge the battery with
excess power [47,48]. Simon Howroyd from the University of Loughborough investigated
a similar passive hybrid system for a UAV by using natural balancing between a PEMFC
and a battery, eliminating switching losses and demonstrating efficiencies in the power
electronics of over 97% [103]. Nishizawa et al. demonstrated a direct hybrid system for
the larger Antares DLR-H2 aircraft [104].
In 2011, the University of Hawaii collaborated with NRL to undertake detailed fuel cell
stack testing and hardware-in-the-loop simulation of the Ion Tiger [105]. The investigation
showed that if the fuel cell had sufficient ability to meet all power demands, the pure
fuel cell system had greater endurance (between 2 and 10%) than the fuel-cell/battery
hybrid at the expense of fuel cell degradation and lower power available. In one test
flight, full power from the fuel cell (550 W) was required for 2.5 hrs (more than 20% of
mission duration) due to high winds. This would have been impossible if the fuel cell was
sized only for cruise and hydridised [77], demonstrating that in some cases a pure fuel
cell option may be better. However, in contrast to all other commercial small PEMFC
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systems, the Protonex fuel cell of the Ion Tiger is externally humidified which allows the
fuel cell to better respond to rapid load changes. Rapid load changes on a self-humidified
fuel cell can induce temporary membrane dehydration due to electro-osmotic drag on the
anode side, and air-feeding starvation on the cathode side [106]. To reduce the risk of
starvation, the dynamics of the load change have to be constrained or a fast-responding
auxiliary power source can be added [106, 107]. Using hybrid systems can also enable
longer stack lifetime and more durable UAV propulsion systems [105], while hybridisation
for load levelling could be of interest if small high power batteries are available [78]. This
work uses supercapacitors to provide load smoothing or buffering with a similar expected
benefit of longer fuel cell lifetime.
2.6 Fuel Cell/Supercapacitor Hybrids
Fuel-cell/supercapacitor systems have typically been split into either active or passive con-
trol [108]. In active control, a DC/DC converter is used to regulate the exchange of power
with the supercapacitor. This allows control of the hybrid system with improvements in
maximum power and optimal control; however, switching losses in the DC/DC converter
increase [108–110]. In a passive control system, the power flow is dictated by the voltage
balance between the components, eliminating switching losses [104, 111–114]. Unfortu-
nately, the system may not operate at an optimal point and may have lower performance
at maximum power.
Early work by Thounthong et al. [4,115,116] investigated combining fuel cells with both
batteries and supercapacitors. The researchers successfully designed energy-management
systems and experimentally validated them with fuel cells, lithium-ion batteries, super-
capacitors and even photovoltaic arrays. Each power source fed into a regulated 42-V
DC bus. However, for electric motors used in UAVs, a speed controller can accommo-
date variations in voltage; and therefore a regulated output voltage is not required [103].
Lithium-polymer batteries for UAVs with three cells in series (3S) have voltage varia-
tions from 9.6–12.6 V, and an even greater voltage range occurs for increased numbers
of cells [103]. Most electronic speed controllers for UAVs can adapt to 2–4 cells, allowing
a voltage range of 6.4–16.8 V [117]. An example of a system allowing voltage variation
is provided by Wu et al., who presented a passive fuel-cell/supercapacitor hybrid power
system for electric automobiles that improved fuel efficiency by 16% [111] and a 9.5-kW
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system that improved fuel efficiency by 5% [112]. These passive systems do not control
the voltage or power delivered by the fuel cell. Kera¨nen et al. developed a passive fuel-
cell/supercapacitor/battery hybrid system for a forklift application and found that the
average fuel-cell power required was only 55% of the nominal rating [113].
Substantial work can be found on vehicular hybridisation using supercapacitors cou-
pled with fuel cells [33, 118–122]. This work found that the supercapacitor significantly
improved response to transient loads, but does not improve overall endurance [31]. Honda
also developed the FCX hybrid car using a fuel cell hybridised with an supercapacitor to
improve transient performance, system efficiency, and fuel cell life [120]. In general, liter-
ature focuses on power management between the fuel cell and supercapacitor but to the
author’s best knowledge a fuel-cell/supercapacitor has not been explored in detail for a
UAV or aircraft application.
The high specific power, high cycle efficiency, and exceptional cycle lifetime make them
ideal candidates for boost power, load levelling, and load smoothing applications. This
makes them highly suited to smoothing out transient loads that UAVs experience in flight
from pilot inputs, wind gusts, and manoeuvres. Coupling the supercapacitor with a fuel
cell in a UAV propulsion application reduces the rapid transient loads experienced by the
fuel cell and enables it to operate close to steady state for increased fuel cell lifetime. The
supercapacitor can also provide boost power, but the low specific energy will limit the
duration of boost that can be supplied. Thus, combining the fast acting, high specific
power supercapacitor with a high specific energy power source such as a fuel cell holds
promise as a robust and effective hybrid power system.
2.7 Hardware-in-the-loop and Aircraft Mission Simulation
This body of work uses hardware-in-the-loop and mission simulation in addition to flight
testing to provide a detailed performance evaluation of fuel cell hybrid systems with a
supercapacitor. Hardware-in-the-loop (HWIL) and aircraft mission simulation are meth-
ods that can be used to evaluate aircraft propulsion systems in highly representative load
scenarios. Previous research in fuel cell aircraft propulsion has focussed largely on vehicle
design and integration using the fuel cell and associated subsystems. Only limited re-
search is presented on the performance in flight of fuel cell powered aircraft undertaking
realistic flight profiles [42,44,47,77,83,93]. Flight specific effects such as load fluctuations
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from autopilot commands, wind, and turbulence on the performance of fuel cell based
system have not been thoroughly investigated.
Aircraft mission simulation involves the generation of a load profile based on the
aerodynamic and physical properties of the aircraft as well as the desired flight profile.
One or more physical subsystems are evaluated using this load profile. This kind of
simulation allows an accurate evaluation of the propulsion system components under
a representative test case. HWIL simulation takes this one step further by immersing
the subsystem in a closed loop simulation of the operating environment. This allows
a high fidelity characterisation of the subsystem in a repeatable environment and can
reveal complex phenomena that are difficult to model [89, 123]. Furthermore, additional
instrumentation can be used to monitor the hardware under test, including equipment
too heavy or unsuitable for flight testing [89].
2.8 Chapter Conclusion
This chapter has presented a literature review into fuel cell, battery, and supercapacitor
technology, including the current state of the art as well as advantages and disadvantages
of each of the power sources. A summary of fuel cell hybrid power systems for UAVs has
been provided along with the rationale for the use of hybrid systems and the various hybrid
architectures available. The use of hardware-in-the-loop simulation and flight testing is
discussed in the context of techniques available to evaluate fuel cell power systems. Finally,
a review of supercapacitors in fuel cell hybrids for non aerospace applications is given,
showing a gap in existing literature for UAV propulsion applications.
Although considerable research is available on the integration of supercapacitors into
fuel cell hybrid power systems for stationary and automotive applications, there is a lack
of literature on the use of supercapacitors to supplement fuel cell power systems in UAVs.
This is despite the high specific power and long cycle lifetime that supercapacitors possess.
Thus, this body of work aims to bridge this gap in knowledge and investigate the use of
supercapacitors in fuel cell hybrid power systems for UAV power applications.
3. Experimental Setup
This chapter outlines the experimental setup used in the test and evaluation of the physical
hardware. An overview of the experimental setup is presented, consisting of all equip-
ment used to accurately characterise the performance of the individual components that
constitute the fuel cell hybrid system (fuel cell, battery, and supercapacitor). This bench
equipment is required for the mission simulation and hardware-in-the-loop simulation out-
lined in subsequent chapters. Next, the 1:6 scale Grob 109 airframe is introduced, along
with the fuel cell hybrid system integration into the aircraft and the full data acquisition
(DAQ) and sensor suite flown on board. Finally, an introduction to the hardware-in-the-
loop setup is presented including the architecture and hardware autopilot used.
3.1 Fuel Cell Test Bench
The fuel cell test bench houses the primary instruments used in sensing and logging data.
This fuel cell test bench is a modification of the original fuel cell test bench available at the
University of Sydney [2]. A schematic showing the layout of the test bench is presented
in Figure 3.1.
The test bench contains a number of components that measure the key performance
parameters of the fuel cell system. At the heart of the test bench is a programmable
DC electronic load. This BK Precision IT8514F-1200 is a computer controlled electronic
load that allows a controlled power, current, or voltage setting to be applied to the power
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Figure 3.1: Fuel Cell Test Bench Schematic
source(s) under test. The electronic load is capable of drawing up to 1.2 kW at a maximum
voltage of 120 V and a maximum current of 240 A. Load tracking is accurate to 1 % ±
0.1 % in constant power mode, 0.2 % ± 0.15 % in constant current mode, and 0.05 % ±
0.025 % in constant voltage mode [124]. The electronic load and other components in the
test bench can be seen in Figure 3.2.
DC voltage and current measurement is done using custom designed and manufactured
precision voltage and current sensor modules (Section 3.8.4). The voltage and current
measurements have a tolerance of 1 %, with sampling provided by an 8 channel 16-bit
A/D converter. Temperature sampling is also provided by this A/D converter using
TMP36 low voltage analog temperature sensors. The TMP36 sensors have ± 2◦ accuracy.
Fuel flow measurements are taken using a APEX AX-M4SLPM-D5 gas flow meter.
This meter is able to report flow rates to ±0.2 % in addition to hydrogen supply pressure
and temperature. During bench testing, hydrogen is supplied using a large G size com-
pressed hydrogen cylinder with a BOC HiQ 2-stage pressure regulator. All data streams
are collected by a personal computer and logged. Independently of these sensors, the fuel
cell controller data including voltage, current, fuel pressure, battery voltage, and internal
temperature are also logged.
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(a) (b)
Figure 3.2: Fuel Cell Test Bench
3.2 Auxiliary Lab Equipment
This section outlines the lab equipment that is not used to directly measure the per-
formance of the fuel cell hybrid system. A DC electronic power supply, dynamometer,
power analyser, and wind tunnel are used to determine the performance characteristics of
the electric propulsion system (propeller, motor, and electronic speed controller) under a
range of operating conditions. These test results are used to generate models that form
the basis of hardware-in-the-loop fuel cell hybrid system testing in Chapter 6.
3.2.1 ET Systems LAB/SMS 435
An ET System LAB/SMS 435 DC power supply is used for testing of the battery and
supercapacitor charging circuits and performance independently of the fuel cell. This
power system allows voltage, current, and power controlled DC electricity to be supplied.
This power supply has an operating voltage range of 0–35 V and a maximum current of
120 A. A picture of the ET System power supply is given in Figure 3.3.
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Figure 3.3: ET System DC Power Supply
3.2.2 Dynamometer
A Magtrol motor dynamometer is used to generate the full performance maps of the
electric motors used in the UAV propulsion system. A DSP7000 high speed programmable
dynamometer controller is used in conjunction with a HD715-8NA hystersis dynamometer
to enable accurate load control. The dynamometer is able to measure up to 6.2 Nm and
25,000 rpm with a maximum power rating of 3.4 kW. The dynamometer and controller
can be seen in Figure 3.4.
(a) DSP7000 Dynamometer Controller (b) HP 715-8NA Dynamometer
Figure 3.4: Magtrol Dynamometer and Controller
3.2.3 3 Phase Power Analyser
To enable the measurement of the 3-phase electrical power output from the electronic
speed controller to the electric motor, a high speed 3-phase power analyser is used. The
Magtrol 6530 allows sensing across all three phases of the electrical supply. The volt-
age and current measurement accuracies are frequency dependent, with DC accuracy of
±(0.1 % reading + 0.2 % range) to ±((0.015 x F(kHz) % Reading) + 0.3 % Range) at 10
kHz–100 kHz. Maximum current input on the Magtrol 6530 is 20 A, and this is extended
to 150 A through the use of three external Hioki 3274 current clamp probes. These current
probes have a bandwidth of 10 MHz and an amplitude accuracy of ±1.0 %. The Magtrol
6530 power analyser is shown in Figure 3.5.
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Figure 3.5: Magtrol 6530 3-Phase Power Analyser
The dynamometer is integrated with the Magtrol 3-phase power analyser to enable
simultaneous measurement of electronic speed controller (ESC) and motor performance
for a range of electrical input and mechanical output conditions, including input voltage
and output torque loadings. A diagram of the power analyser and motor dynamometer
set-up can be found in Figure 3.6.
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Figure 3.6: Diagram of 3-Phase Power Analyser and Motor Dynamometer Set-up
3.2.4 7’x5’ Wind Tunnel
The 7’x5’ wind tunnel at the University of Sydney is used for testing of propeller perfor-
mance. Using this wind tunnel allows full scale testing of the actual propeller at a range
of typical airspeeds and enables the selection of an optimal propeller for the UAV. The
tunnel allows for test section speeds from 0–40 m/s.
The propeller thrust and torque values are measured by the use of a load cell mounted
in the wind tunnel. An ATI Mini 45 6-axis load cell is used to directly measure the thrust
and torque values generated by the propeller for a series of rotational speeds and tunnel
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velocities. This force and torque sensor has resolution down to 0.25 N of force and 0.01
Nm of torque. A picture showing the propeller testing equipment in the wind tunnel is
given in Figure 3.7.
Figure 3.7: Propeller Testing in the 7’x5’ Wind Tunnel
3.3 Approach to Fuel Cell Hybrid System Evaluation
The body of work uses three different approaches to evaluate the different fuel cell hybrid
power systems.
Mission simulation uses electrical power profiles measured in flight and applies them
to the different fuel cell hybrid configurations. This provides representative load scenarios
that are repeatable and controlled. However, dynamics and interaction of the power
system with the propulsion system (motor and propeller) are not coupled.
Hardware in the loop simulation is an extension of mission simulation that enables a
closed loop simulation of the hybrid power system including the vehicle flight dynamics.
An autopilot is used to ensure the aircraft flight profile is controlled in the same manner
between hybrid configurations. Environmental conditions such as wind gusts can also be
simulated. However, this setup is more complex and the flight profiles are not identical
making comparisons difficult. Accurate flight dynamics models are also required. Further
details on the hardware in the loop testing can be found in Section 3.9.
Flight testing provides the ultimate validation for the performance of the fuel cell hy-
brid system. All effects are tested on the system including motion dynamics, interaction
between motor controller electronics and power supply, pressure changes with altitude,
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flight dynamics and pilot control inputs. However, flight testing is inherently time consum-
ing, risky, and hard to repeat due to changes in temperature, wind, and other atmospheric
conditions. Further information on flight testing is given in Chapter 7.
3.4 Grob G109 Glider
Figure 3.8: Grob G109 Scale Model During a Test Flight
A commercial-off-the-shelf remote control (RC) aircraft is chosen as the airframe in
which to test the different hybrid propulsion systems. A 1:6 scale Grob G109 high aspect-
ratio electric glider manufactured by Aeronaut is selected due to its high aerodynamic
efficiency and large fuselage volume. A picture showing the Grob undergoing a test flight
is shown in Figure 3.8, while specifications of the airframe can be found in Table 3.1.
Table 3.1: Grob G109 UAV Specifications
Specification Value
Nominal take-off weight 6.5 kg
Wingspan 2.77 m
Length 1.4 m
Aspect ratio 13.9
Wing area 0.577 m2
The Grob features a lightweight fibreglass fuselage with cut-outs for the transparent
polycarbonate canopy. The wings consist of a foam core surrounded by fibreglass rein-
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(a) UAV Projection (b) Top View
(c) Side View (d) Front View
Figure 3.9: Grob G109 UAV (dimensions in mm)
forcement, and is surface finished with a layer of Obeche hardwood. A layer of coloured
plastic film is further added to provide a consistent appearance and low drag finish. An
8mm solid carbon fibre spar is used to support the wings with the carry-through rein-
forced into the centre fuselage. The rudder and elevator control surfaces are built up from
plywood ribs and balsa spars finished with plastic film for the skin. A 10 mm plywood
firewall is fibreglassed to the fuselage to provide a sturdy mount for the motor, ESC, and
hydrogen storage system. A CAD drawing of the Grob G109 is shown in Figure 3.9.
3.5 Airframe System Integration
All propulsion system components including the fuel cell hybrid system and data acqui-
sition system are integrated into the fuselage of the Grob G109 model airframe. Details
on each of the power system components (fuel cell, battery, and supercapacitor) can be
found in Chapter 4. A top view, side view, and projected view of the aircraft fuselage and
integrated subsystems modelled in CAD is given in Figures 3.10, 3.11, and 3.12, respec-
tively. All components are coloured to replicate the appearance of the actual component
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(where feasible) and aid in identification within the CAD model.
Figure 3.10: Top View CAD Drawing of Fuel Cell Integration into Grob
Figure 3.11: Side View CAD Drawing of Fuel Cell Integration into Grob
A summary of the components used in the Grob G109 flight test vehicle is provided
in Table 3.2, with a weight breakdown of the aircraft given in Figure 3.13. This includes
the energy converters (fuel cell, motor, and propeller), energy storage systems (batteries
and supercapacitors), and energy transformers (electronic speed controller).
3.6 Fuel Cell Integration
The baseline hybrid configuration for the modified Grob G109 is the fuel-cell/battery
configuration. The Spectronik fuel cell and controller is mounted on a laser cut plywood
tray, which is then attached to mounting points in the aircraft fuselage (Figure 3.14).
The battery charge controller is also fastened to this tray, to enable easy removal of the
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Figure 3.12: Projected View CAD Drawing of Fuel Cell Integration into Grob
Table 3.2: Baseline Flight Test Components Used
Component Model
Propeller APC 17x12 thin electric
Motor Rimfire .55 480 kV
Electronic Speed Controller Castle Creations Phoenix Edge HV 120
Fuel cell Spectronik FLY-150
Battery Turnigy Graphene 4S 1500 mAh
Supercapacitor Yunasko 25 V 7 F
Receiver Spektrum AR9020
Flight logging PIXHAWK +
Raspberry Pi
Comms radio 433 MHz serial
complete fuel cell and associated electronics. The LiPo battery itself is located in the
space between the plywood tray and the fuselage bottom, allowing for repositioning of
the centre-of-mass to fine-tune the aircraft centre of gravity (Figure 3.15). The Hydrostik
metal hydride hydrogen storage assembly has substantial mass (>1 kg), and is fastened
to the rear of the firewall inside the main section of the fuselage. Four bolts hold the
assembly securely in place.
The fuel cell/battery/supercapacitor triple hybrid requires the integration of the super-
capacitor module with the rest of the fuel cell system in the fuselage. The supercapacitor
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Airframe, 3279 
Motor, 268 
ESC, 150 
Propeller, 68 
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controller , 670 
Battery and 
controller, 297 
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279 
DAQ and 
telemetry, 311 RC Electronics, 
67 
Total Mass: 6481 g 
Figure 3.13: Mass Breakdown (in grams)
Figure 3.14: Hybrid Power System Integration into Airframe
module is secured into a slot between the hydrogen storage assembly and the fuel cell.
The complete fuel cell hybrid power system is shown in Figure 3.15. Wiring and hydrogen
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gas piping is not shown for clarity.
Figure 3.15: Complete Fuel Cell Triple Hybrid Vehicle Integration
Air Intake and Exhaust Design
The location of the Spectronik fuel cell in the main fuselage requires the modification of
the Grob airfame to enable adequate cooling and reactant airflow. The required airflow is
dominated by the cooling requirement of the fuel cell under full power, which dissipates
heat at a maximum rate of approximately 150 W. Assuming an intake air temperature of
30◦C, an exhaust temperature of 60◦C, specific heat capacity of air of 1 kJ/kg·K, and air
density of 1.225 kg/m3, the airflow required is
Flow rate =
150
(60− 30) · 1 · 1.225 = 4.1 L/s (3.1)
Given an intake airspeed of at least 5 m/s, the minimum intake cross sectional area A
is thus
A =
4.1
5
= 0.00082 m2 = 8.2 cm2 (3.2)
Based on this size requirement, an intake of dimensions 5 cm x 2 cm was moulded
into the canopy to provide the necessary cooling air. A picture showing the air intake is
shown in Figure 3.16a.
In conjunction with the air intake, exhaust vents were required to provide a path
for the hot exhaust to be purged from the aircraft fuselage. To minimise drag, two
rectangular slots were cut into the upper surface of the fuselage and low-profile vacuum-
formed exhaust vents fitted. Each slot has dimensions of 4.0 cm x 1.2 cm perpendicular
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to the direction of airflow. A picture showing the exhaust vents can be seen in Figure
3.16b.
(a) Intake (b) Exhaust
Figure 3.16: Fuel Cell Air Intake and Exhaust
3.7 Hydrogen Storage System
A compact high flow metal hydride system is selected in the form of the Horizon Hydrostik
Pro. This consists of an AB5 metal hydride in a 95 g cylindrical metal canister for a
nominal capacity of 10 L of H2 (0.0899 g H2 equating to 0.95% weight fraction). Each
canister has a typical maximum flow rate of 0.3–0.5 slpm and internal pressure range of
0–3 MPa. To provide a regulated low pressure for the fuel cell, a lightweight pressure
regulator is coupled to each of the Hydrostik Pro canisters. This mini pressure regulator
provides a nominal 0.5 bar gauge pressure output in a 25 g package.
For ease of refuelling, a low cost electrolyser is used which generates pure hydrogen
from distilled water. This electrolyser, known as the HydroFill Pro from Horizon Tech-
nologies, generates up to 3L/hr of 99.99% purity H2 gas and compresses it to 3 MPa for
use in the HydroStik canisters.
Eight metal Hydrostik canisters are securely held in place by a rubber assembly and
mounted to the firewall of the flight test vehicle. A CAD drawing and picture of the
Hydrostik assembly is presented in Figure 3.17. The orange plastic mounts are manu-
factured from flexible rubber using a 3D printer and then fastened to sheets of plywood.
The specifications of the Hydrostik canisters are given in Table 3.3.
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(a) CAD Drawing of Hydrostik Assembly (b) Hydrostik Assembly
Figure 3.17: Hydrostik Assembly
Table 3.3: Horizon Hydrostik Specifications
Specification Value
Nominal H2 capacity 10 L
Cylinder material Al 6061
Weight 95 g
Typical discharging performance 300–500 mL/min
Discharging temperature 5–50 ◦C
Max pressure 3 MPa
Dimension 22 x 88 mm
3.8 Data Aquisition System
The complete data acquisition system is mounted on plywood and located in the rear
fuselage and tail-boom. This allows rapid accessibility and removal. A picture showing
the complete data acquisition system can be found in Figure 3.18. This system includes
the PIXHAWK, GPS antenna, custom data acquisition system, sensors, and also the
conventional RC aircraft receiver to respond to commands from the pilot on the ground.
3.8.1 PIXHAWK
The PIXHAWK is used to measure aircraft flight parameters, and includes numerous
sensors including a 6-axis accelerometer, GPS, compass, and pitot probe to measure
the aircraft flight performance. Measurements include altitude, airspeed, location, and
aircraft pitch, bank, and yaw angles and rates. All sensors are mounted in the PIXHAWK
35 Chapter 3. Experimental Setup
Figure 3.18: Data Acquisition System
module except for the pitot probe, which is mounted in front of the leading edge of the
left wing.
All flight data is logged and stored on a micro SD card. Key flight parameters including
aircraft heading and pitch angles, airspeed, and altitude are transmitted back to the
ground station via a 433 MHz radio to enable live monitoring.
3.8.2 Raspberry Pi Zero
In addition to the aircraft flight measurements recorded by the PIXHAWK system, addi-
tional data logging of the hybrid fuel cell propulsion system is provided using an on-board
computer. A lightweight Raspberry Pi Zero running a Unix-based operating system is
used to record parameters from a variety of sensors in the power system. Power is supplied
by a small lithium polymer battery connected to a 5V regulator. A photo showing the
Raspberry Pi Zero is shown in Figure 3.19a.
3.8.3 ADC Pi Zero
In conjunction with the Raspberry Pi Zero, a high precision analog-to-digital converter
(ADC) is used to accurately measure outputs from the various sensors. The 8 channel 17
bit ADC Pi Zero PCB from AB Electronics is used to provide precision sensing. A picture
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(a) Raspberry Pi Zero (b) ADC Pi Zero
Figure 3.19: Custom DAQ System
showing the ADC Pi Zero mounted on the Raspberry Pi can be seen in Figure 3.19b.
Sensors connected to the ADC include the voltage % current sensors and the hydrogen
pressure sensor (Section 3.8.6). The total Raspberry Pi Zero and ADC assembly has
dimensions of only 65 mm x 50 mm x 30 mm and weighs 50 g.
3.8.4 Voltage & Current Sensor
A lightweight high precision bi-directional voltage and current sensor was developed to
allow a common sensor module for measuring the fuel cell, batteries, and supercapacitors.
The bi-directional current capability is required as the battery and supercapacitor can be
both discharged and (re)charged. The AD8418 chip from Analog Devices is selected as
the current sense amplifier and a simple PCB developed around this IC. The PCB layout
and assembled sensor can be seen in Figure 3.20.
Figure 3.20: Assembled Bi-Directional Voltage and Current Sensor Module
3.8.5 Spectronik Fuel Cell Controller
The fuel cell controller used with the Spectronik fuel cell provides a data stream on its
performance. These measurements provide redundant information of the fuel cell voltage
and current, battery voltage, and hydrogen pressure in addition to providing data on the
internal temperature of the fuel cell stack.
The data from the fuel cell is provided via a RS232 serial connection. An RS232
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expansion card is attached to the top of the Raspberry Pi Zero to enable recording of the
data stream from the Spectronik fuel cell. The RS232 expansion board is shown in Figure
3.21a.
3.8.6 Hydrogen Pressure Sensor
To measure the supply pressure from the hydrogen storage to the fuel cell, an MPX 5100
pressure sensor from NXP Semiconductors is connected in parallel with the H2 stream.
This pressure sensor has a measurement range of 0–100 kPa gauge. A picture of the MPX
5100 is shown in Figure 3.21b. The sensor is connected just before the fuel cell H2 inlet.
(a) Raspberry Pi Zero RS232
Connection
(b) MPX 5100 Pres-
sure Sensor
Figure 3.21: Raspberry Pi Zero Additional Sensors
3.8.7 Castle Creations Electronic Speed Controller
A data logging electronic speed controller (ESC) from Castle Creations is used to provide
additional logging of the electrical propulsion system. Measurements given by the ESC
include input voltage and current, rotational speed of the motor, and ESC temperature.
In addition, the Castle ESC has numerous user programmable parameters to fine tune the
performance. All parameters are set for maximum efficiency, with motor timing set to 0◦
for minimum heat generation at the expense of maximum power, and brake strength set
to 100% to eliminate wind-milling of the propeller. The complete list of ESC settings is
given in Table 3.4.
3.9 Hardware-in-the-loop Simulation Architecture
The hardware-in-the-loop (HWIL) simulator builds upon the hardware setup of the fuel
cell test bench outlined earlier in the chapter. The test bench uses these sensors to mea-
sure the voltage and current of each power source, along with measurement of hydrogen
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Table 3.4: Castle ESC Programmed Settings
Parameter Setting
Switching Frequency 12 kHz
Motor Timing 0 degs
Brake Strength 100 %
Motor Start Power Medium
Voltage cutoff disabled
Current limit normal (210 A)
pressure, fuel flow, and temperature of the fuel cell under load. These measurements are
fed back into the HWIL simulator.
PIXFalcon 
Autopilot 
Flight Dynamics 
Model 
Propeller BLDC Motor 
Electronic Speed 
Controller 
Electronic Load Fuel Cell  
Hybrid 
Software 
Hardware 
Figure 3.22: Architecture of HWIL Simulation
To provide an accurate representation of the vehicle’s flight dynamics, the six degree
of freedom (DoF) open-source flight simulator FlightGear is interfaced with the fuel cell
test bench. An open source flight dynamics model (JSBSim) is used for calculation
of the aircraft motion, using aerodynamic derivatives estimated from the geometry and
flight testing. Further fidelity is incorporated into the propulsion system model through
emperically derived models for the electronic speed controller, brushless DC motor, and
propeller (Chapter 4). A PIXFalcon hardware autopilot unit (a smaller version of the
PIXHAWK) is used to control the trajectory of the aircraft in the flight simulator and
allows heading, altitude, and airspeeds to be maintained according to the user commands.
By programming a specific mission into the PIXFalcon, the autopilot allows evaluation of
39 Chapter 3. Experimental Setup
the different fuel cell hybrid configurations using systematic and repeatable flight profiles.
The architecture of the HWIL simulation is given in Figure 3.22. The PIXFAlcon
autopilot sends throttle commands to the simulated electronic speed controller (ESC)
to achieve the desired altitude and airspeed. Models for the ESC, motor, and propeller
convert this throttle command into a thrust force that can be fed into the flight dynamics
model. In conjunction with control surface inputs from the autopilot, the flight dynamic
model determines the aerodynamic forces as well as the electrical load required to power
the propulsion system. An electronic load converts this into a physical electrical power
draw which is applied to the fuel cell hybrid system. The voltage and current from the fuel
cell hybrid is then fed back into the ESC and motor models for a closed loop simulation.
Simultaneously, the aircraft flight trajectory from the flight dynamics model is fed back
to the autopilot to enable it to maintain the desired flight path. Visualisation of the Grob
aircraft in the flight simulator is provided by FlightGear. An example of the aircraft
visualisation is shown in Figure 3.23.
Figure 3.23: Visualisation of the Grob G109 Model in FlightGear
3.10 Hardware-in-the-loop Subsystems and Components
This section introduces some of the hardware and software used in the hardware-in-the-
loop flight simulation in Chapter 6. A brief overview of the QGroundControl software
used for setting up the flight profile is presented, followed by an overview of the PIXHawk
hardware autopilot used to control the UAV in the flight simulation.
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3.10.1 QGroundControl Hardware-in-the-loop Control Screen
QGroundControl is the primary graphical user interface (GUI) for controlling the flight
path and mission of the simulated vehicle in the HWIL simulator. QGroundControl is a
fully functional open-source ground control software that allows planning, monitoring, and
control of a vehicle equipped with a compatible hardware autopilot. QGroundControl is
used to set waypoints, command take-offs and landings, and monitor the flight trajectory,
attitude and airspeed during the simulation. A screen-shot showing the user interface for
QGroundControl is shown in Figure 3.24.
Figure 3.24: QGroundControl Control Screen
3.10.2 PIXHAWK Autopilot
A commercially available hardware autopilot is used to provide a repeatable and consistent
means of controlling the aircraft in the flight simulation. The PIXHawk autopilot allows
selection of waypoints to form the flight profile, as well as allowing automated take-offs
and landings. Manual override is available for the operator to take control if required.
This lightweight autopilot is widely used in small UAV applications and provides the
potential for the same autopilot hardware to be used in both simulation and actual flight
testing. A picture showing the PIXHAWK autopilot is given in Figure 3.25. The autopilot
settings used for the HWIL flights with the Grob G109 are found in Appendix K.
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Figure 3.25: PIXFalcon Autopilot
3.11 Chapter Conclusion
This chapter has introduced the physical hardware and experimental setup used in the
design and analysis of the hybrid power system. The experimental set-up allow precise
measurement of the performance of each subcomponent, along with an evaluation of the
overall hybrid system under realistic operating conditions. The Grob G109 airframe has
been outlined, along with the integration of the power and data acquisition systems.
Finally, an overview of the hardware-in-the-loop architecture and setup has been given.
In the following chapter, models and test results using the experimental setup will be
detailed for each of the power system and propulsion system components. Aerodynamic
performance of the airframe will also be presented.
4. Component Testing and Modelling
This chapter outlines the testing and modelling of the components that make up the fuel
cell hybrid system, as well as modelling of the aircraft propulsion system and aerodynamic
performance. An introduction is given to each of the constituent parts that can form a
fuel cell hybrid system. These items include the fuel cell, batteries, and supercapacitors.
Following this, bench test results of each of these components is presented, along with
models of each element. The electric propulsion system is broken down into constituents
(propeller, motor, and speed controller), and models developed for each of these parts
based on test results. Finally, modelling of the aircraft drag and equations of motion is
given to enable prediction of the aircraft aerodynamic performance.
4.1 Power System Sizing
The power system is sized for maximum cruise efficiency whilst still retaining a sufficient
power and thrust for a moderate climb rate and manoeuvring. The drag of the aircraft
in cruise is used to determine the minimum power of the fuel cell for steady level cruise,
whilst the required thrust factors into the selection of a large diameter, efficient propeller
for cruise. The motor and ESC are then chosen to suit this propeller. The aircraft climb
requirements and motor power consumption during dynamic loads are used to determine
the battery and supercapacitor sizing. The battery must provide sufficient boost power
during the climb phase, whilst the supercapacitor is sized to provide load smoothing to
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the hybrid system during transients. A flow chart summary of the power system sizing is
presented in Figure 4.1.
Power
Power
Thrust
Minimum Fuel Cell Power
Aircraft Cruise
Propeller Sizing Motor Sizing
Aircraft Climb 
and Dynamics
Battery Sizing
Supercapacitor Sizing
ESC Sizing
Figure 4.1: Power System Sizing
4.2 Spectronik Fuel Cell
The fuel cell stack that forms the core of the hybrid propulsion system is the FLY-150
polymer electrolyte membrane (PEM) fuel cell manufactured by Spectronik (Figure 4.2).
This is a lightweight 150 W rated fuel cell stack with 25 cells in series giving an operating
voltage range of 15 V–23 V. A plastic casing is used to keep mass to a minimum. A
single fan is used to manage both reactant flow and cooling, and the fuel cell is self-
humidifying eliminating the requirement for external reactant humidification. However,
self-humidification has implications such as slower response to transient loads compared
to humidified fuel cells [2]. A table of specifications can be found in Table 4.1.
(a) (b)
Figure 4.2: Spectronik Fuel Cell
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Table 4.1: Spectronik FLY-150 PEMFC Specifications
Specification Value
Number of cells 25
Rated power 150 W (10 A @ 15V)
H2 pressure 0.4-0.7 bar
Humidification Self-humidified
Weight 320 g
Max H2 flow rate 1.75 slpm @ 150 W
Peak Efficiency 48%
To maintain fuel cell performance and humidification, the fuel cell controller commands
periodic short-circuiting and purging of the fuel cell stack. A short circuit is initiated
every 10 s, resulting in a sharp drop in the fuel cell voltage. Short circuiting assists in
humidification of the fuel cell to ensure fuel cell life and performance is maintained. This
will be visible in the results later on as periodic drops in fuel cell voltage and power
output. Purging will also be noticeable in subsequent figures as large spikes in the fuel
flow and drops in the H2 pressure. Hydrogen purging is required to allow contaminants
in the gas stream to be regularly flushed out.
The performance of the Spectronik fuel cell is given by the steady-state polarisation
curve [8, 125]. This polarisation curve contains the fuel cell voltage as a function of the
current drawn. This non-linear curve is dominated by the three major sources of losses in
a fuel cell: activation losses, ohmic (resistive) losses, and mass transport (concentration)
losses. The polarisation curve is determined using the DC electronic load by commanding
a series of constant current loads on the fuel cell stack. Currents from 1 A to 15 A
are commanded in 0.5 A steps, with each current level held for 5 minutes to ensure the
fuel cell stack has reached steady-state performance. The measured Spectronik fuel cell
polarisation curve is shown by the blue dots in Figure 4.3.
To model the steady state performance of the fuel cell, a curve fit is used to model
the steady-state polarisation curve. The equation for the curve fit is given by [2]:
V = V0 −B · log(I)−R · I −m · exp(n · I), (4.1)
where I is the current, V is the stack voltage and V0, B, R, m and n are fitting
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parameters. The values of the parameters used in the curve fitting can be found in Table
4.2. The curve fit has an R2 value of 0.9942 and will be used in subsequent chapters to
estimate hybrid system behaviour.
(a) Spectronik Fuel Cell Polarisation Curve (b) Spectronik Fuel Cell Power Curve
Figure 4.3: Spectronik Fuel Cell Performance Curves
Table 4.2: Spectronik FLY-150 PEMFC Model Parameters
Parameter Value
V0 21.15 V
B 0.4704 V·ln(A)−1
R 0.3499 Ω
m -0.0475 V
n 0.0008469 A−1
R2-value 0.9942
The fuel cell significantly outperforms the rated performance (given in Appendix B),
providing a peak power over 200 W. In particular, the fuel cell provides 14 A at 15 V
compared to the rated specification of 10 A at 15 V. This is beneficial as it provides extra
margin if the power requirements exceed 150 W and reduces the boost power required
by the auxiliary system. However, fuel flow rate requirements must also be carefully
monitored. The power output curve of the Spectronik fuel cell can be found in Figure
4.3b.
The fuel cell efficiency and fuel flow rate requirements are given in Figure 4.4. Because
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the fuel cell significantly outperforms the rated power, with peak power over 200 W, there
is a corresponding increase in the maximum H2 fuel flow required, from the specified 1.75
slpm to a measured maximum of 2.6 slpm at 200 W. At 150 W, the fuel cell continues to
require 1.75 slpm of H2.
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Figure 4.4: Spectronik Fuel Cell Efficiency and Fuel Flow
Fuel cell efficiency is below the manufacturer specifications, with a peak efficiency
measured of 40% between 4–8 A. The specified peak efficiency is 48%. As is typical of
PEM fuel cells, the maximum efficiency is achieved at part load with either low load or
high loads resulting in a decrease in efficiency. The fuel cell is above 35% efficiency from
2 A (40 W) up to full power. The large scatter in the data points in Figure 4.4a is partly
due to the effect of purging, which causes short bursts of large fuel flow rates.
4.3 Hydrogen Storage System
In selecting the hydrogen storage method, a number of factors are considered. In particu-
lar, significant logistical challenges arise from the remote location of our flight test facility
in rural Australia.
The main flight test facility for our UAV is a farm owned by the University of Sydney
at Marulan, New South Wales, Australia. This limits the accessibility of high purity
(99.99% H2) fuel required by the PEM fuel cell. Hydrogen must either be transported to
the location or generated on site to allow refuelling of the UAV. Further complicating fuel
requirements are the needs of both compressed and liquid H2 refuelling. Liquid hydrogen
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needs to be stored at -253 ◦C in heavy, complex, insulated dewars, and was quickly ruled
out for this project. Compressed hydrogen gas is a promising option, but the lack of
Australian regulatory approval to fill high pressure composite wrapped cylinders and the
unavailability of high pressure hydrogen compressors eliminates this option.
As an alternative, a low cost commercially available hydrogen generation and storage
system is selected based on metal hydride technology. Hydrogen reacts with a metal
hydride under moderate pressure in a tank to form a metal hydride, and this reaction
is reversed to release the hydrogen [126]. Although this has a lower weight fraction of
H2 compared to compressed hydrogen, this system operates at lower pressures for a safer
fuelling system. The reduced weight fraction of hydrogen reduces the total fuel stored, but
validation of the hybrid system performance and design can still be undertaken without
long duration flights.
Metal hydride hydrogen storage systems are limited in the flow rate of H2 due to the
reaction kinetics of the hydrogen absorbtion and desorbtion process [126]. Although the
canister is rated to store 10 L of hydrogen (0.95% weight fraction), at high flow rates the
output pressure drops and the entire storage capacity cannot be discharged. The power
output of the fuel cell depends on sufficient hydrogen flow, so the effect of flow rate on
the usable storage capacity is measured. Two cylinders are individually discharged at a
series of flow rates from 0.1–0.5 slpm until the regulated output pressure drops to below
0.1 bar gauge. The results of these tests are shown in Figure 4.5. The average of the
two cylinders is given by the solid black line. At 0.1 slpm, the average capacity is 6.6 L
(0.59g, 0.62% weight fraction), while at 0.5 slpm only 2.7 L (0.24g, 0.25% weight fraction)
can be extracted before pressure has excessively dropped. Therefore, flow rate as well as
hydrogen capacity are considerations in the implementation of a metal hydride hydrogen
storage system.
For this fuel cell system, a choice of 8 Hydrostik metal hydride canisters in parallel
is selected to yield the required flow rate of 1.75 slpm at 150 W of fuel cell power. This
gives an average capacity of 4.6 L per cylinder at a flow rate of 0.2 slpm. The overall
storage solution is thus 36.8 L at a total flow of 1.6 slpm, or 27.2 L at a flow rate of 2.1
slpm. Details of the hydrogen storage assembly can be found in Section 3.7.
4.4 Lithium Polymer Batteries 48
0.1 0.2 0.3 0.4 0.5
Flow rate (slpm)
2
3
4
5
6
7
8
H
2 
ca
pa
ci
ty
 (L
)
Figure 4.5: Hydrostik Hydrogen Capacity vs Flow Rate
4.4 Lithium Polymer Batteries
The fuel cell hybrid system requires an auxiliary power source during high power and rapid
transient loads. This auxiliary power source is most commonly provided by a battery. For
UAV applications, lightweight high performance lithium polymer (LiPo) batteries are the
preferred battery chemistry with high specific energy and power levels.
For these tests, high discharge rate LiPo batteries are used to provide maximum ad-
ditional power for a given weight. Turnigy 65C rated 1500 mAh batteries are used as the
nominal battery, with the 4S (four cells in series) battery chosen to best match the output
voltage characteristics of the Spectronik fuel cell. A 4S battery will begin to provide power
at 15–16.8 V, depending on the state of charge of the battery. This enables the battery
to provide power while the fuel cell is running close to its maximum power. Charging
control is provided by a Spectronik supplied PCB which operates at a fixed charge rate.
The PCB can be reconfigured via a resistor to operate at a charge current from 1–10 A.
For these tests, a nominal charge current of 1 A is used. The battery and charge control
PCB used are seen in Figure 4.6, while the specifications of the battery can be found in
Table 4.3.
Battery Tests and Modelling
The most commonly used method for evaluating battery performance is the constant
current discharge test. In this test, the battery is discharged at a series of different current
ratings from fully charged to a specified voltage or state of discharge. The discharge rate
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(a) Turnigy 4S 1500 mAh 65C LiPo batttery (b) Hybrid Control PCB
Figure 4.6: Hybrid Control PCB and LiPo Battery
Table 4.3: Turnigy 4S 1500 mAh 65C LiPo battery
Specification Value
Number of cells 4
Nominal voltage 14.8 V
Weight 343 g
Max current 97.5 A
is normalised with the capacity of the battery, to provide the discharge rate as a C
rating where 1 C corresponds to the current required to discharge the nominal capacity
in 1 hour. The discharge performance of a high-C rated battery is given in Figure 4.7.
Battery discharge data will be used in Chapter 5 to model the hybrid system performance.
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Figure 4.7: Discharging Characteristics of a High-C Battery
The depth-of-discharge (DoD) of the battery is the discharged Coulometric capacity
normalised by the rated capacity and can be calculated by integrating the measured
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battery current as a function of time. Thus,
DoD =
∫
Ib · dt
Qrat
, (4.2)
where Ib is the battery discharging current, t is the discharging time, and Qrat is the
rated Coulometric capacity of the battery. There is also the complementary measure of
battery charge level known as state-of-charge (SOC), given by
SOC = 1−
∫
Ib · dt
Qrat
= 1−DoD. (4.3)
A battery model is fitted to the test data, based on a modification of an existing
battery model [25]. The battery terminal voltage, E (V), is expressed as
E = E0 −K · Qb
Qb − Ib · t + Ae
−B·Ib·t − Ib ·R, (4.4)
where E0 (V) is the battery voltage constant (14.8 V or 3.7 V per cell for a 4-cell
battery) and three terms are used to account for polarisation variations. The first term,
(K ·Qb/(Qb− Ib · t)), accounts for the voltage drop due to cell reactant depletion near the
maximum battery capacity [127], where K (V) is the polarity voltage and Qb (mAh) is
the actual battery capacity. The exponential term accounts for activation and concentra-
tion polarisation to initiate and drive the chemical reaction [127], where the voltage and
capacity coefficients, A (V) and B (mAh)−1, respectively, are fitting parameters. Finally,
voltage losses internal to the battery are represented by Ib · R, where R is the internal
resistance of the battery (Ω).
Physical testing of lithium polymer batteries shows that the current dependency of
the exponential capacity coefficient (B) is not constant, but varies non-linearly with the
discharge current applied. A cubic polynomial based on discharge rate is thus applied on
the exponential capacity coefficient (B) in the model in the form
B = p3C
3 + p2C
2 + p1C + p0, (4.5)
where C (h−1) is the discharging rate normalised to battery capacity and is given by
C =
Ib
Qrat
. (4.6)
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As the Peukert effect results in a decrease in battery capacity at high discharging
rates [128], the battery capacity is derated with increasing current draw to yield the
actual battery capacity, Qb, [128] as follows:
Qb = Qrat
(
Irat
Ib
)pc−1
(4.7)
where Qrat is 1500 mAh for the nominal battery, at a discharging current Irat of 1/20
C (75 mA) and pc is the Peukert constant, which typically lies between 1.01 and 1.04 for
LiPo batteries [21, 26].
Table 4.4 shows the model coefficients obtained using a nonlinear least-squares re-
gression on the data shown in Fig. 4.7, as well as the overall goodness-of-fit R2 of the
regression. The model matches the data well, although a small drop in goodness-of-fit
was noted at higher C values.
Table 4.4: Battery Model Coefficients for the High-C Battery
K (V) pc A (V) R (Ω) p3 p2 p1 p0 Qb R
2
(mAh2) (mAh) (mA) (mAh−1) (mAh)
0.00972 1.019 0.4503 0.008108 0.05308 -0.8332 3.511 -0.7699 1500 0.983
4.5 Supercapacitors
An alternative auxiliary power source for use in fuel cell based hybrid power systems is
the supercapacitor, also known as an ultracapacitor. Supercapacitors have a high current
capability, enabling both rapid charge and discharge capabilities. This is particularly
advantageous when a quick recharge is required to regain the boost ability from the
auxiliary power source. Furthermore, supercapacitors can deliver power over the full
voltage range from 0 V to the maximum nominal voltage, compared to batteries which
must operate within the range of minimum and maximum voltage. Cycle lifetimes in
excess of 10 million cycles have been reported, making them highly suited to load transient
smoothing and load levelling [29]. The main drawback is that supercapacitors have a lower
specific energy than batteries, leading to a reduced energy capacity for a given mass.
To evaluate the discharge performance of the supercapacitors, a series of constant
current discharge tests are performed, similar to the tests on the lithium polymer batteries.
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Test currents between 1–10 A are applied using the electronic load, and the supercapacitor
is discharged until current ceases to flow. The supercapacitors require discharge down to
0 V across the terminal to fully extract the energy stored.
A Yunasko supercapacitor is selected to provide a high power supercapacitor in a
compact dimensional format. The Yunasko supercapacitor consists of small pouches as-
sembled together in a compact rectagular shape. A maximum voltage of 25 V was selected
to provide a well matched system for the Specktronik fuel cell, with an overall capacity of
7 F. Two assembled Yunasko supercapacitor modules are shown in Figure 4.8, with the
specifications of the modules given in Table 4.5.
Figure 4.8: Yunasko Supercapacitor Bank
The discharge performance of the Yunasko supercapacitors is determined using the
electronic load. A series of constant current discharge tests were performed, similar to
the tests on the lithium polymer batteries. Test currents between 1–10 A were applied
using the electronic load, and the supercapacitor discharged until current ceased to flow.
The supercapacitor characteristics require it to be discharged down to 0 V across the
terminal to fully extract the energy stored.
The Yunasko supercapacitor performs as expected for a conventional supercapacitor,
showing a straight line discharge curve from 25 until the voltage at the load reaches 0
V (Figure 4.9a). The capacity at 1 A is 55 mAh, dropping to 49 mAh at 10 A (10%
reduction in capacity). The capacity as a function of power is also presented in Figure
4.9b, with capacity dropping from 750 mWh at 1A to 675 mWh at 10 A.
The supercapacitor is modelled using the simple equivalent-circuit model shown in
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Table 4.5: Yunasko Supercapacitor Specifications
Specification Value
Part Number YEDLM-0007E25R
Capacity 7 F (0.6 Wh at 25 V)
Max current 10 A, continuous
50 A, burst
Max nominal voltage 25 V
Weight 279 g
Specific energy 2.2 Wh/kg
Specific power 2.7 kW/kg
5.6 kW/kg burst
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(a) Yunasko Supercapacitor Discharge Test (mAh)
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(b) Yunasko Supercapacitor Discharge Test (mWh)
Figure 4.9: Yunasko Discharge Test Result
Figure 4.10, consisting of a capacitor and resistance in series [4]. The parameters were
determined from test results obtained for the Yunasko supercapacitor model. A least-
squares method was used to solve for parameters Ri and C. Values of C = 8.71 F and Ri
= 0.071 Ω were obtained, with a R2-value of 0.996.
4.6 Propulsion Powertrain Components
This section covers the components that consume power in the UAV propulsion system
and convert it to propulsive force. These components are the propeller, electric motor,
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Figure 4.10: Equivalent Circuit Model of Supercapacitor
and electronic speed controller (ESC).
4.6.1 Propeller
A huge number of propellers available for electric UAVs, ranging from small to large,
and available in a range of materials including composite, wood, and carbon fibre. For
this application, a propeller with very high efficiency at cruise is desired whilst being
lightweight and small enough for adequate ground clearance. Maximum propeller effi-
ciency is typically given by a large diameter, slow turning propeller, but this must be
correctly matched to the electric motor to ensure the motor also operates efficiently.
The performance of propellers is normalised to give an accurate comparison between
propellers of different sizes. Propeller performance is evaluated by the coefficient of thrust
CT and coefficient of torque CQ, as a function of the advance ratio J , a non dimensional
measure of propeller speed. The coefficient of thrust is given by
CT =
T
ρ · n2 ·D4 (4.8)
where T is the thrust, ρ is the air density, n is the rotational speed in revolutions per
minute (RPM) and D is the propeller diameter.
Coefficient of torque is given by
CQ =
Q
ρ · n2 ·D5 (4.9)
The propeller thrust and torque coefficients are specified as a function of the advance
ratio J , which is a non-dimensional measure of the relative speed of the propeller with
respect to the airflow. The advance ratio J is given by the formula
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J =
V
n ·D (4.10)
A series of propellers ranging from 15–17” in diameter were tested in the 7’x5’ wind
tunnel, and the propeller with the highest efficiency at cruise speeds of 15–20 m/s is
selected. Test data can be found in Appendix I. The final propeller selected for this
aircraft is the APC 17”x12” thin electric propeller (Figure 4.12). Designed for electric
motors, this two-bladed composite propeller suits large scale model aircraft. The propeller
thrust and power coefficients as a function of advance ratio are given in Figure 4.11a. In
addition, the propeller efficiency as a function of advance ratio can be found in Figure
4.11b.
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Figure 4.11: APC 17x12E Propeller Performance
Figure 4.12: APC 17”x12” Thin Electric Propeller
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4.6.2 Motor
The motor performance plays a key role in the overall efficiency of the propulsion system.
A Rimfire .55 480 kV motor (Figure 4.13) was selected for maximum efficiency coupled
with the APC 17x12” propeller at expected cruise speeds of 15–20 m/s. The motor
performance of the Rimfire will be presented here, with motor test data for the other
motors found in Appendix J.
Figure 4.13: Rimfire .55 4260 480 kv Outrunner Brushless DC Motor
Motor efficiency is determined using the dynamometer setup in Section 3.2.2. With
the motor and electronic speed controller at full throttle, a target torque value is chosen,
and the dynamometer brake increased until the torque value is achieved. The throttle is
then decreased, yielding a decrease in rotation speed, and the brake increased until the
torque value is again reached. This is continued until the lower rotational speed desired
is reached, and repeated for a range of torque values to generate the required motor data.
Motor performance maps of the Rimfire is measured at a range of rotational speeds,
torque values, and input voltages. Input voltage variations are required as the full throttle
motor torque and rotational speed is dependent on the input voltage. These parameters
are determined to adequately define the motor efficiency. The efficiency of the motor is
given by as the ratio of the input electrical power to the output mechanical power. The
brushless DC motor operates with three phases in a similar manner to an AC motor, so
the motor efficiency is defined as:
η =
τ · ω
Σ3n=1Wn
=
τ · ω
Σ3n=1An · Vn
(4.11)
where τ is the motor torque (Nm), ω is the rotational speed (rad/s), Wn is the input
electrical power calculated between two of the three phases using voltage and current
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sensors as configured in Figure 3.6. The efficiency of the Rimfire motor as a function of
rotational speed and torque can be found in Figure 4.14. The white space at the right
hand side of each figure is an operating condition that cannot be achieved as the motor
is already at full throttle. Note that as the voltage increases, this area decreases.
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(a) 13 V (b) 14 V
(c) 15 V (d) 16 V
(e) 17 V (f) 18 V
Figure 4.14: Rimfire .55 Motor Measured Efficiency
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Motor Model
A 3 constant equivalent circuit model is chosen to here represent the performance of the
brushless DC motor. The use of a model allows real-time simulation of the motor in the
hardware-in-the-loop (HWIL) simulator in Chapter 6 using a common set of parameters,
and provides a means to compare common parameters between different motors. The
model also requires less computational effort than the 2D spline interpolation required
when using the experimental performance map. There are many models available includ-
ing the 4 constant model [129] and a polynomial fit [130], however the 3 constant model
provide a quick and relatively accurate representation of motor performance [131]. Motor
manufacturers often also supply these numbers to provide a comparison with test results.
The 3 constant motor model uses the standard DC motor model, with the motor modelled
using three parameters, kV , Rm and I0 [131]. The circuit diagram of the 3 constant motor
model is given in Figure 4.15.
Figure 4.15: 3 Constant Motor Model
The motor current I is given by the sum of the no load current I0 and the current
required to generate the torque
I = I0 + τ · kT (4.12)
= I0 +
2pi · kV
60
τ
where τ is the torque required, kT is the torque constant and kV is the voltage constant
in RPM/V.
The input voltage is equal to the sum of the back emf Ei and the voltage loss due to
the internal resistance of the motor Rm. The back emf can be calculated as
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Ei =
ω
kV
, (4.13)
yielding the input voltage E as
E = Ei + I ·Rm (4.14)
=
ω
kV
+ I ·Rm
where ω is the rotational velocity.
The input and output power of the motors can then be calculated as
Pin = E · I (4.15)
Pout = τ · ω (4.16)
One issue with the standard 3 constant motor model is it assumes kV , Rm and I0
remain constant, however these ‘constants’ actually vary with voltage [131]. Thus, these
values are evaluated at a range of different voltages to assess if this assumption is suffi-
ciently accurate. The speed constant kV and no load current I0 can be determined from
measurements of the motor under no load. Figure 4.16 shows the rotational speed and
current for a range of input voltages. Based on this, an estimate of kV and I0 is given in
Table 4.6.
The no load current I0 shows a linear dependency with voltage and can be represented
by the following equation:
I0 = 0.5110 + 0.0636 · E (4.17)
The speed constant kV appears to be constant and an average of 482 is used to model
the motor. This compares well with the manufacturer specified kV of 480. With the kV
and I0 values estimated, the test data is then fitted into the model using a non-linear
least square approach. This generates an estimate for Rm for each voltage tested. The
variation of Rm with voltage is shown in Figure 4.17, and there is only a slight variation
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Figure 4.16: Rimfire .55 Zero Load Characteristics
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Figure 4.17: Rm Variation with Voltage for Rimfire .55 Motor
Table 4.6: Rimfire .55 3 Constant Motor Values from No Load Testing
E kV I0 Rm R
2
13 482 1.34 0.08 0.8457
14 482 1.40 0.08 0.9227
15 482 1.47 0.08 0.6574
16 482 1.53 0.08 0.9058
17 482 1.59 0.08 -2.099
18 482 1.66 0.08 0.9556
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with voltage. Therefore a value of 0.081 was selected for Rm for modelling. The values
used in the model for each voltage are given in Table 4.6.
The results of the electric motor modelling are shown in Figure 4.18, with the difference
between the motor testing and modelling (δ) shown in Figure 4.19. The difference δ is
defined as
δ = ηmodel − ηactual (4.18)
where ηmodel is the predicted efficiency from the model and ηactual is the actual effi-
ciency. The motor model shows maximum absolute δ values below 0.02 for all voltages
except 17 V, and within 0.05 for 17 V. This is sufficiently accurate to use in the hardware-
in-the-loop modelling in Chapter 6.
63 Chapter 4. Component Testing and Modelling
(a) 13 V (b) 14 V
(c) 15 V (d) 16 V
(e) 17 V (f) 18 V
Figure 4.18: Rimfire .55 Motor Model Efficiency
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(a) 13 V (b) 14 V
(c) 15 V (d) 16 V
(e) 17 V (f) 18 V
Figure 4.19: Rimfire .55 Motor Model and Efficiency Difference
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4.6.3 Electronic Speed Controller
All brushless DC motors require an electronic speed controller (ESC) for speed control
and to convert the DC current into a three phase power input to the motor. A simplified
diagram of the basic electrical architecture of an ESC is presented in Figure 4.20. DC
electricity from the battery or other power source is passed through a circuit of six elec-
tronically controlled MOSFETs. These MOSFETs act as digital switches that convert
the DC into pulse width modulated (PWM) 3 phase electricity to power the brushless
motors.
Figure 4.20: ESC Circuit Diagram
Due to the switching nature of the ESC, the three phase electric drive is not a smooth
sine wave like most AC sources. Instead, it has high frequency pulses where the current
and voltage increase with increasing pulse width. An example of this can be seen in Figure
4.21. These output waveforms are measured using a Saleae logic analyser on the three
electrical wires between the ESC and the motor. Each subplot represents the voltage
between two of the three phases. Figure 4.21a shows a low throttle setting, which is
characterised by short pulses of voltage (and current). With increasing throttle setting,
the time in which the switches are conducting increases, and the average voltage increases
(Figure 4.21b). At full throttle, the switches are conducting for as long as possible and
the high frequency switching disappears (Figure 4.21c).
A Castle Creations Phoenix Edge HV 120 electronic speed controller (ESC) is used
to drive and control the brushless DC motors (Figure 4.22). This ESC can handle up to
120 A of current at a maximum input voltage of 50 V. A PWM switching frequency of
12 kHz is selected with a motor timing of 0◦ for maximum efficiency.
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(c) Full Throttle Setting
Figure 4.21: ESC Output Waveforms for a Range of Throttle Settings
Figure 4.22: Castle Edge Phoenix 120 HV Electronic Speed Controller
The performance of the ESC with the Rimfire .55 motor was measured at a range of
input voltages (Figure 4.23). The ESC maintains a high efficiency with efficiency above
90% for most operating conditions. There is a general trend of increased efficiency at low
torque values, with lower current corresponding to reduced resistive losses.
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(a) 13 V (b) 14 V
(c) 15 V (d) 16 V
(e) 17 V (f) 18 V
Figure 4.23: Castle Phoenix Edge HV 120 ESC Efficiency with Rimfire .55 Motor
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ESC Model
To model the performance of the ESC, the author proposes the following bi-linear equation
as a function of throttle setting (in µs) and current. This model allows the prediction of
the electrical efficiency (ratio of output power to input power) given the demands of the
motor and the throttle commands. The efficiency is modelled using the equation
η = a · δT + b · I + c (4.19)
where δT is the throttle setting, I the input current to the ESC, and parameters a, b,
and c are model parameters. The model parameters determined for each voltage is given
in Table 4.7.
Table 4.7: Castle Phoenix Edge HV 120 ESC Model Parameters
Voltage a b c R2
13 1.244e-4 -0.006204 0.7714 0.9774
14 1.253e-4 -0.006820 0.7907 0.9439
15 1.355e-4 -0.005618 0.7560 0.9457
16 1.434e-4 -0.006497 0.7666 0.9542
17 1.425e-4 -0.006327 0.7815 0.9660
18 1.729e-4 -0.006345 0.7260 0.8816
To make this model applicable for all voltage ranges, the values of a, b and c are
determined as functions of voltage (Figure 4.24). b is relatively independent of voltage
and chosen as 0.0063. a and c are made linear functions of input voltage. This yields the
values for a, b, c, and R2 seen in Table 4.8. The linear fits are shown by the orange lines
in Figure 4.24.
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Figure 4.24: ESC Voltage Constants
Table 4.8: ESC Model Fit
V a b c R2
13 1.191e-4 -6.30e-3 0.7824 0.9756
14 1.277e-4 -6.30e-3 0.7754 0.9172
15 1.364e-4 -6.30e-3 0.7684 0.8728
16 1.450e-4 -6.30e-3 0.7614 0.9519
17 1.536e-4 -6.30e-3 0.7544 0.8827
18 1.622e-4 -6.30e-3 0.7474 0.856
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(a) 13 V (b) 14 V
(c) 15 V (d) 16 V
(e) 17 V (f) 18 V
Figure 4.25: Castle Phoenix Edge HV 120 ESC Efficiency Model
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(a) 13 V (b) 14 V
(c) 15 V (d) 16 V
(e) 17 V (f) 18 V
Figure 4.26: Castle Phoenix Edge HV 120 ESC Efficiency Difference
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We can re-base the throttle commands to a more logical 0–1 (0–100 %) throttle range.
This is useful for the hardware-in-the-loop simulation as the autopilot outputs throttle
commands from 0 to 100% throttle, and yields the following equations for each of the
model parameters.
a = 0.0086 · V + 0.0069 (4.20)
c = 0.00163 · V + 0.8803 (4.21)
A Table showing the re-based model parameters and the corresponding R2 value is given
in Table 4.9.
Table 4.9: ESC Model 0–1 Throttle
V a b c R2
13 0.119 -6.30e-3 0.901 0.9756
14 0.128 -6.30e-3 0.903 0.9172
15 0.136 -6.30e-3 0.905 0.8728
16 0.145 -6.30e-3 0.906 0.9519
17 0.154 -6.30e-3 0.908 0.8827
18 0.162 -6.30e-3 0.910 0.856
A summary of each of the component models presented thus far in this chapter is
given in Table 4.10 including the input and output parameters of each model.
4.7 Six Degree of Freedom Flight Dynamics Modelling
The flight dynamics model of the Grob can be represented by the linearised equations of
motion. In this model, the flight dynamics are split into longitudinal and lateral modes of
motion. The primary propulsive effects are found in the longitudinal modes together with
airspeed and altitude effects. The lateral modes of motion are primarily concerned with
the roll and yaw characteristics of the vehicle. All characteristics are non-dimensionalised
relative to wing area to generate coefficients and stability derivatives.
4.7.1 Longitudinal Equations of Motion
The lift coefficient CL is determined by the zero angle of attack lift coefficient CL0 , the
lift curve slope CLα , and the angle of attack α
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Table 4.10: Summary of Component Models
Component Input Parameters Output Parameters
Fuel Cell Current (A) Voltage (V)
Battery Current (A) Voltage (V)
Supercapacitor Current (A) Voltage (V)
Motor Rotational Speed (RPM) Motor Efficiency (%)
Torque (Nm)
Voltage (V)
Electronic Speed Controller Throttle Setting ESC Efficiency (%)
Current (A)
Voltage (V)
CL = CL0 + CLα · α (4.22)
The aircraft drag coefficient can then be determined as a function of the form drag
CDmin and induced drag k · (CL − CLmd)2:
CD = CDmin + k · (CL − CLmd)2 (4.23)
where CDmin is the drag due to the aircraft geometry (estimated earlier), k is the
span efficiency factor, and CLmd is the lift coefficient at which minimal induced drag is
produced. A non-symmetric induced drag estimate is used to ensure accuracy with the
cambered aerofoil used in the wings.
There are also additions to the lift and drag coefficients due to dynamic effects and
control surface deflections. This yields the total drag coefficient correct for these effects
as:
CDcorrected = CD + CDβ · β + CDδe · δe (4.24)
where β is the side-slip angle, CDβ is the drag coefficient due to side-slip, δe is the
elevator deflection, and CDδe is the drag coefficient due to elevator deflection. The lift
coefficient is correct in a similar way for the effect of elevator deflection as follows:
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CLcorrected = CL + CLδe · δe (4.25)
Finally, the pitch moment Cm is given by:
Cm = Cmα · α + Cmq · q + Cmα˙ · α˙ + Cmδe · δe (4.26)
where Cmα is the pitch moment coefficient due to angle of attack, q is the pitch rate,
Cmq is the pitch moment coefficient due to pitch rate, α˙ is the rate of change of angle
of attack, Cmα˙ is the pitch moment coefficient due to α˙, and Cmδe is the pitch moment
coefficient due to elevator deflection.
4.7.2 Lateral Equations of Motion
The following lateral equations of motion are used to generate the sideforce, roll and yaw
moment coefficients.
The side-force on the aircraft is calculated from the sideforce coefficient CY by the
formula
CY = CYβ · β (4.27)
where CYβ is the side-force coefficient due to side-slip.
The roll moment coefficient Cl is determined by
Cl = Clβ · β + Clr · r + Clp · p+ Clδa · δa+ Clδr · δr (4.28)
where Clβ is the roll moment coefficient due to side-slip, r is the yaw rate, Clr is the roll
moment coefficient due to yaw rate, p is the roll rate, Clp is the roll moment coefficient due
to roll rate, δa is the aileron deflection, Clδa is the roll moment due to aileron deflection,
δr is rudder deflection, and Clδr is the roll moment coefficient due to rudder deflection.
Finally, the yaw moment coefficient Cn is given by
Cn = Cnβ · β + Cnr · r + Cnδr · δr + Cnδa · δa (4.29)
where Cnβ is the yaw moment coefficient due to side-slip, Cnr is the yaw moment
coefficient due to yaw rate, Cnδr is the yaw moment coefficient due to rudder deflection,
and Cnδa is the yaw moment coefficient due to aileron deflection.
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4.8 Aerodynamic Model
A 3D scan of the Grob G109 fuselage is incorporated in the generation of the aircraft
geometry for estimation of the aerodynamic properties. A fuselage model is generated
using a Sense 3D Scanner (with accuracy and resolution of 1 mm), and the resultant
model of the Grob G109 fuselage is shown in Figure 4.27a. The fuselage can then be
measured based on this computer representation. Geometry for the wings, vertical and
horizontal stabiliser are determined by hand measurements of the root chord, tip chord,
span, and aerofoil section. An image of the Grob G109 meshed with all aerodynamic
surfaces is shown on Figure 4.27b.
(a) 3D Scan of the Grob G109 Fuselage (b) Surface Mesh of the Grob G109
Figure 4.27: 3D Scanning and Modelling of the Grob Fuselage
4.8.1 Aircraft Geometry
The flight dynamics model accurately defines the movement of the aircraft by calculating
the physical forces and moments applied to the vehicle in flight. This requires a large
number of aerodynamic and stability derivatives that represent the flight characteristics of
the vehicle. These derivatives were estimated from the geometry of the model Grob G109.
The geometric parameters in Table 4.11 were used as inputs in the derivative estimation
tool.
4.8.2 Drag Polar Estimation
A number of methods are applied to generate the drag polar and ensure accuracy of the
propulsion system requirements in the HWIL simulation. In particular, the drag and
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Table 4.11: Geometry Input Parameters
Input Parameters Value
Wing area 0.568 m2
Wingspan 2.77 m
Mean chord 0.2 m
Horizontal tail area 0.7155 m2
Horizontal tail arm 0.07155 m
Vertical tail area 0.042 m2
Vertical tail arm 0.07155 m
Mass 5.5 kg
Centre of mass (457, 0, -33.3) mm
Ixx 2.64 kg/m
2
Iyy 2.10 kg/m
2
Izz 2.59 kg/m
2
performance derivatives must be precise as the results of the HWIL simulation depend on
accuracy representation of aircraft drag and power requirements. The drag estimates are
validated with flight test data.
Gudmundsson’s Drag Buildup Method
Gudmundsson’s method for component drag buildup [132] is used to estimate the drag
of the Grob. This is an empirical method that estimates the total airframe drag by
summing the drag of each of the aircraft bodies (wing, fuselage, horizontal and vertical
tailplane). The aircraft drag is estimated in Table 4.12 at the cruise flight conditions of
18 m/s with air temperature of 25◦C and air density of 1.225 kg/m3 (sea level). The
wing, horizontal tail, vertical tail, and fuselage are all used to estimate the skin friction
drag taking into account the geometry (sweep angle, form factor, interference factor)
of each aerodynamic surface and the combination of these bodies. The minimum drag
coefficient calculated using Gudmundsson’s method was determined to be 0.0375, with an
additional drag component of 0.0200 attributable to the windmilling propeller for a total
of 0.0575. This is close to the measured drag coefficient that will be derived from flight
testing in Chapter 7. A summary of the calculation can be found in Table 4.12, while
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the complete drag buildup calculation can be found in Table M1. An estimated CLmd of
0.015 is determined from the Eppler 205 aerofoil section used for the wings, and a span
efficiency of 0.65 is used. An additive drag value of 0.2 was then added to account for the
fixed undercarriage [132].
Table 4.12: Drag Buildup Method Summary
Flight Condition
Air temperature T 25 deg C
Airspeed V 18 m/s
Viscocity of air µ 1.83723E-05
Altitude H 0
Density of air ρ 1.225 kg/m3
Dynamic pressure q 198.45
Wing HT VT Fuselage
Sweep angle 0 5 40
Form factor 1.35 1.21 1.28 1.36
Interference factor IF 1 1.05 1.05 1
Weighted drag factor 0.0069 0.0010 0.0012 0.0024
Skin friction drag 0.0211
Additive Drag
Total miscellaneous
drag
0.0249
CRUD 1.25
Minimum drag
coefficient
0.0575
The estimated drag performance of the Grob airframe is shown in Figure 4.28 and
compared to the flight test data that will be described in detail in Chapter 7. The
estimated drag from the flight test is given by the crosses, with the solid line showing
the theoretical drag required to cruise at each airspeed. The flight test and theoretical
calculation are in close agreement and demonstrate the validity of the drag estimation.
Digital DATCOM
The USAF Digital Data Compendium (DATCOM) is used as an alternative method to
estimate the aerodynamic and stability derivatives of the Grob aircraft [133]. The aircraft
geometry derived from the 3D scan and hand measurement of aerodynamic surfaces is used
as the geometry input to DATCOM to generate aerodynamic and stability derivatives.
DATCOM is only able to estimate the performance of the main features (fuselage, wing,
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Figure 4.28: Theoretical Propulsive Power Requirement during Cruise
vertical and horizontal stabilisers), so corrections for the landing gear and intake are
added later using Gudmundsson’s method. The drag results of the DATCOM software
are presented in Table 4.13. The results show the trimmed aerodynamic coefficients at
the same cruise flight conditions for the aircraft at angles of attack ranging from -4 to
14◦. The aerodynamic coefficients including coefficient of lift (CL) and coefficient of drag
(CD) are used to determine the drag polar and calculate the drag force in cruise.
Table 4.13: DATCOM Drag with Control Surface Trim
AUTOMATED STABILITY AND CONTROL METHODS PER APRIL 1976 VERSION OF DATCOM
CHARACTERISTICS OF HIGH LIFT AND CONTROL DEVICES
WING-BODY-TAIL TRIM WITH CONTROL DEVICE ON TAIL
Flight Conditions Reference Dimensions
Mach Altitude Velocity Pressure Temp Reynolds Ref. Ref. Length Moment Ref. Center
Number Number Area Long. Lat. Horiz
FT FT/SEC LB/FT**2 DEG R 1/FT FT**2 FT FT FT FT
0.055 150 61.37 2.10E+03 518.135 3.87E+05 6.21 6.40E-01 9.09 1.31E+00 -0.108
Untrimmed At trim deflection
ALPHA CL CD CM DELTAT D(CL) D(CL MAX) D(CDI) D(CD MIN) CH (A) CH(D)
-4 -0.114 0.022 0.0739 4 0.021 0.014 -3.70E-05 0.00081 -4.85E-03 -1.38E-02
-2 0.071 0.022 0.0558 3 0.016 0.01 1.61E-04 0.00061 -1.38E-02
0 0.262 0.023 0.0431 2.3 0.012 0.008 2.68E-04 0.00047 -1.38E-02
2 0.46 0.027 0.0339 1.8 0.01 0.006 3.22E-04 0.00037 -1.38E-02
4 0.665 0.033 0.0271 1.5 0.008 0.005 3.46E-04 0.0003 -1.38E-02
6 0.876 0.043 0.0199 1.1 0.006 0.004 3.18E-04 0.00022 -1.38E-02
8 1.091 0.055 0.013 0.7 0.004 0.002 2.49E-04 0.00014 -1.38E-02
9 1.198 0.062 0.0088 0.5 0.002 0.002 1.81E-04 0.0001 -1.38E-02
10 1.289 0.069 0.0014 0.1 0 0 3.08E-05 0.00002 -1.38E-02
11 1.375 0.076 -0.0083 -0.4 -0.002 0.002 -1.44E-04 0.00009 -1.38E-02
12 1.453 0.083 -0.0179 -1 -0.005 0.003 -3.41E-04 0.0002 -1.38E-02
13 1.524 0.089 -0.0291 -1.6 -0.008 0.006 -6.07E-04 0.00032 -1.38E-02
14 1.588 0.096 -0.0425 -2.3 -0.012 0.008 -9.61E-04 0.00047 -1.38E-02
A comparison of the drag polar estimates using the different methods is given in
Figure 4.29. The DATCOM estimate corresponds well to the estimate in the previous
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subsection, and by extension to the flight test data. This generates confidence that the
aircraft performance model is a reasonable representation of the actual flight performance.
Figure 4.29: DigiDATCOM Drag Polar
Taking the average of the two methods, the drag data is finalised and implemented
for use in the hardware-in-the-loop simulator (Chapter 6). The zero lift drag coefficient
CD0 and the total drag coefficient are plotted in Figure 4.30. A list of the drag coefficient
modelling and aerodynamic derivatives is found in Tables 4.14 and 4.15. A comprehensive
reference for the equations of motion used in the flight dynamics modelling can be in found
in [134].
(a) Zero Lift Drag and Drag Coefficient (b) Drag Polar
Figure 4.30: Final Drag Estimates
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Table 4.14: Key Aerodynamic Parameters
Zero Lift CD CD due to Sideslip CL due to α
α (◦) CD0 β (
◦) CD α (◦) CL
-90 1.5 -90 1.23 -11 -0.85
-17 0.0577 -15 0.05 0 0.25
-14 0.0545 0 0 13 1.4
-11 0.0513 15 0.05 34 0.71
-9 0.0481 90 1.23
-6 0.0448
-3 0.0416
0 0.0383
3 0.035
6 0.0316
9 0.0282
11 0.0248
14 0.0214
17 0.018
90 1.5
Table 4.15: Other Aerodynamic Parameters (per rad or per rad/s)
CDi 0.0375 Clr 0.15 Cmδe -0.8
CDδe 0.04 Clδa 0.08 Cnβ 0.12
CYβ -1 Clδr 0.01 Cnr -0.15
CLδe 0.2 Cmα -0.5 Cnδr -0.05
Clβ -0.1 Cmq -12 Cnδa -0.03
Clp -0.4 Cmα˙ -7 Cnδi 0.0007
4.8.3 Propulsive Efficiency Improvement
Refinement of the electric powertrain is undertaken to maximise the efficiency and min-
imise the electrical load on the fuel cell power system. This optimisation took place after
the initial round of flight testing where aircraft aerodynamic drag was estimated (Section
7.1). A series of motors and propellers are considered using the testing methods outlined
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in Section 4.6, and selected for maximum cruise efficiency at 16–20 m/s. In general, a
large slow turning propeller will provide maximum efficiency during cruise, however this
does not consider the effect of the motor efficiency. A large slow turning propeller requires
considerable torque, and efficiency drops rapidly when the torque required overloads the
motor.
Using the propeller data from wind tunnel testing, and the drag calculations in the
previous section, the rotational speed required and propeller efficiency during steady level
cruise for airspeeds from 12 to 22 m/s is calculated (Figure 4.31). From a selection of 15
propellers, the most efficient propeller is selected and the most efficient motor to drive
this propeller is then selected. The original system consisting of a Hyperion 3025-08
motor with an APC 15x8E propeller is replaced with a Rimfire .55 4260 motor with an
APC 17x12E propeller. Propeller efficiency improves from 61% to 77% at 16 m/s in
cruise. Motor peak efficiency has also improved from 67% to 79% at the cruise operating
condition.
(a) Propeller Speed in Cruise (b) Propeller Cruise Efficiency
Figure 4.31: Propeller Selection
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4.9 Chapter Conclusion
This chapter has presented bench testing results of components that make up the fuel
cell hybrid system, including the fuel cell, batteries, and supercapacitors. In conjunction,
models of the components are provided to enable modelling and simulation of the sub-
components, as well as the overall propulsion system. Finally, the aerodynamic drag and
flight characteristics of the Grob aircraft are estimated based on the measurements of the
geometry.
In the next chapter, the models of the fuel cell, battery, and supercapacitor will be used
to predict the performance of the hybrid system where the disparate power sources are
integrated together. A range of hybrid architectures will be presented to enable different
combinations of these power sources. Models for the components in the propulsion system
such as the motor and propeller will be used for the hardware-in-the-loop simulation in
Chapter 6.
5. Hybrid Architecture and Design
This chapter outlines the system architecture and design of the fuel cell based hybrid power
systems used in the UAV propulsion system. A description is given of the architecture used
for the fuel-cell/battery, fuel-cell/supercapacitor, and fuel-cell/battery/supercapacitor con-
figurations. Simulation and evaluation of the performance of the different hybrid config-
urations is also presented in a range of test scenarios. Finally, benefits of each of the
systems and the best use case of each hybrid system architecture are presented.
5.1 Hybrid Architecture and Theory of Operation
This section describes the architecture and operation of three different fuel cell hybrid
configurations using batteries and supercapacitors. The fuel-cell/battery hybrid is the
standard fuel cell option for the Spectronik power system in a UAV. Two alternative
options in the form of the fuel-cell/supercapacitor and fuel-cell/battery/supercapacitor
architectures are then presented and compared.
5.1.1 Fuel-Cell/Battery Hybrid
The fuel cell/battery hybrid architecture is the most commonly used type of fuel cell
hybrid system in the propulsion of UAVs [7,95]. In a typical fuel cell/battery system, the
fuel cell is sized to have sufficient power for cruise with margin wind, gusts, and basic
manoeuvres, while the battery provides auxiliary power during take-off, climb and other
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high power flight phases [7, 77]. The prime reason from this steps from the low specific
power of the fuel cell compared to other power sources, which manifests as limited power
available from the fuel cell. Thus, an auxiliary power source is often used to augment the
fuel cell for short periods of time. The battery is recharged in flight by the fuel cell when
excess power is available [95].
The fuel cell/battery configuration used in this work is a passive architecture that
relies on voltage matching between the fuel cell and the battery (Figure 5.1a). In this
configuration, the fuel cell and battery are matched such that the maximum battery
voltage is slightly above the voltage for maximum fuel cell power [135]. A diode or other
electronic device is used to ensure current only flows out of the fuel cell, and unregulated
current does not flow back to the battery. A battery charger is used to regulate battery
charging to ensure the battery maximum voltage or charge current is not exceeded. The
battery only provides boost power when electrical load to sufficient to pull the fuel cell
voltage down to the battery voltage. At all other times, the battery is not contributing
to the total system power, but may be recharged by the fuel cell when excess power is
available.
The Spectronik fuel cell operates at voltages between 14–23 V, with maximum rated
power at 15 V. A 4S lithium polymer (LiPo) battery is used to match this operating
voltage, which operates from a fully charged voltage of 16.8 V (4.2 V per battery cell) to
a discharged voltage of 14 V (at 3.5 V per battery cell). This corresponds to a voltage per
cell of the fuel cell of 0.56–0.672 V. The battery begins to provide auxiliary boost power
to the hybrid system at 16.8 V, and is able to provide power as the voltage decreases down
to 14 V. In this configuration, the fuel cell is also operating at or close to its maximum
power, providing a simple but effective fuel cell/battery combination for the hybrid system.
When excess power is available, the battery is recharged at a user selectable rate of 1 A.
A charge rate of 1–10 A is selectable by the user on the ground.
The typical hybrid system output can be seen in Figure 5.1b. The fuel cell output is
given in green, the battery output in red, and the typical total hybrid system output in
blue. At low electrical power demands (top left of the diagram), the voltage is high and
current is low. The fuel cell provides all power required, and the battery is either idle
or being recharged. As power demand increases, the operating curve will shift down and
to the right following the green line, until the fuel cell voltage reaches the voltage of the
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battery. At that point, the battery will begin to contribute power and increasing power
will shift the operating point to the right (higher current) with a much smaller decrease in
voltage. As the battery state of charge (SOC) is reduced, the point at which the battery
begins to provide boost power is shifted downwards.
(a) Hybrid Configuration
Fully  
charged 
battery 
Voltage 
Current 
Total 
Fuel Cell 
Battery 
Decreasing 
battery SOC 
16.8 V 
(b) System Output Curve
Figure 5.1: Fuel-Cell/Battery Hybrid
5.1.2 Fuel-Cell/Supercapacitor Hybrid
Supercapacitors have the capability to safely operate from full rated voltage down to
0 V, and this allows the option of a passive hybrid system without voltage regulation
circuitry. Passive architectures are generally simpler and more efficient, reducing DC/DC
or switching losses required to couple the different power sources. However, active hybrid
systems allow greater control of load sharing between the power sources and more effective
use of power and energy from each power source [4,108,109]. In this subsection, a passive
hybrid architecture is chosen using voltage matching of the supercapacitor with the fuel
cell. This passive architecture eliminates the requirement for complex switching circuitry
and provides an efficient hybrid system suitable for use in both bench testing and flight
testing [112,113].
The passive architecture provides a simple and robust configuration for coupling of
the fuel cell and supercapacitor power sources. A series of supercapacitors are placed
together to form a supercapacitor bank with a maximum voltage greater than the fuel
cell operating voltage. This supercapacitor bank is then directly connected to the fuel cell
output to improve load smoothing and transient response of the overall system. Switching
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losses are eliminated, and load balancing between the components occurs through voltage
matching of the different components. The high power density of the supercapacitors also
eliminates the requirement to limit the recharge rate to the supercapacitor, compared to
the battery which is typically recharged at 1C. Instead, the recharge rate of the superca-
pacitor is determined by the passive balance between the fuel cell and the supercapacitor
voltage. Because the fuel cell voltage decreases with increased power, the fuel cell and
supercapacitor balance each other such that the charging rate will begin with high power
and then gradually decrease without ever exceeding the fuel cell maximum power. How-
ever, the low energy density of the supercapacitor limits the total boost energy that can
be provided before the energy stored is depleted. A diagram showing the configuration of
this hybrid system appears in Figure 5.2a.
The supercapacitor provides load smoothing to the fuel cell by greatly decreasing
the rate of change of current (Figure 5.2b). When the power demand is increased, the
supercapacitor provides an instantaneous boost of current (and power) with only minimal
variation in voltage (seen in yellow). The voltage then gradually decreases as the effect
of the supercapacitor reduces (yellow) and the fuel cell power ramps up, providing a
smooth transition between different power demands. The approximate system output is
given by the dotted blue line in the upper half of the diagram, and the direction of the
arrows shows the evolution of the voltage and current over time. Similarly, when the
power demand is quickly decreased, the supercapacitor immediately absorbs the excess
current (and power) from the fuel cell before allowing the voltage to gradually rise towards
a steady state condition. In this manner, the supercapacitor acts as a load smoothing
buffer for the fuel cell to changes in the electrical load. The power and duration of the
load smoothing is dependent on the polarisation curve of the fuel cell (Figure 4.3a), the
capacitance (storage capacity) of the supercapacitor, and the electrical load.
5.1.3 Fuel-Cell/Battery/Supercapacitor Hybrid
Because of the limited energy stored in the supercapacitor, a battery is still required to
satisfy the medium duration high power requirements. This battery provides the excess
power needed in flight stages such as take-off and climb, and should be a similar size to
provide the required duration of boost power. The supercapacitor module is added in
parallel with the fuel cell/battery system, and enables load sharing between each of the
three power sources.
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(a) Hybrid Configuration
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Figure 5.2: Fuel-Cell/Supercapacitor Hybrid
The fuel cell/battery/supercapacitor triple hybrid configuration (Figure 5.3a) behaves
as a combination of the fuel cell/battery and fuel cell/supercapacitor configurations. The
supercapacitor acts constantly in unison with the fuel cell to provide load smoothing and
reduce the rate of change of current seen by the fuel cell. The battery system does not act
until the electrical load demand is great enough to bring the fuel cell steady state voltage
below the voltage of the battery (16.8 V for a fully charged 4S battery). Once this fuel cell
voltage is at the same level as the battery, all three power sources act in unison with power
management achieved through voltage matching of the three components. To ensure safe
operation, power is not allowed to flow back to the fuel cell and power to recharge the
battery is limited by the maximum charge current. This leaves the supercapacitor to
absorb the bulk of any excess power from the fuel cell during rapid decreases in throttle.
The voltage matching ensures that when the fuel cell is at full power there is always
capacity to store excess energy in the supercapacitor.
5.2 Pulse Test Specification
A representative test case consisting of a series of step loads of increasing magnitude is
used to evaluate the hybrid system performance to large load transients. These loads
consist of an idle power of 50 W, with loads increasing and decreasing in steps up to a
maximum of 600 W. Loads increase in power from 100 W to 300 W in 50 W steps, and
then up to 600 W in 100 W steps to test the high power response of the hybrid system.
For the fuel-cell/supercapacitor configuration which has a lower maximum power, the
maximum step load applied is 200 W for the 7 F supercapacitor and 300 W for the 14 F
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Figure 5.3: Fuel-Cell/Battery/Supercapacitor Hybrid
supercapacitor. An example of the pulse test is shown by the blue line in Figure 5.4c. A
summary of the specific pulse test applied for the different hybrid configurations is given
in Table 5.1.
Table 5.1: Pulse Test Specification
Configuration Maximum Power Number of Pulses
Fuel-Cell/Battery 600 W 8
Fuel-Cell/Supercapacitor (7 F) 200 W 3
Fuel-Cell/Supercapacitor (14 F) 300 W 5
Fuel-Cell/Battery/Supercapacitor (7 F) 600 W 8
Fuel-Cell/Battery/Supercapacitor (14 F) 600 W 8
5.3 Simulation and Modelling
This section outlines simulation and modelling of the different hybrid system configu-
rations and the performance of each of the power sources under different load cases.
Simulation of the hybrid systems is performed in Matlab using the models of each com-
ponent presented in Chapter 4. Hardware validation of the modelling and simulation
is conducted in Section 5.4. A summary of the different configurations and the specific
power of each configuration is presented in Table 5.2. This does not include the weight
of the hydrogen storage system.
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Table 5.2: Hybrid Power System Configurations
Fuel-cell/Battery Fuel-cell/ Fuel-cell/Battery
Supercapacitor Supercapacitor
Configuration Spectronik FLY-150 Spectronik FLY-150 Spectronik FLY-150
Turnigy 4S 1.5 Ah Turnigy 4S 1.5 Ah
Yunasko 7 F 25V Yunasko 7 F 25V
Weight 970 g 1250 g 1530 g
Power 1000 W, peak 1400 W, peak 2400 W, peak
150 W, continuous 150 W, continuous 150 W, continuous
Specific power 1031 W/kg, peak 1120 W/kg, peak 1569 W/kg, peak
155 W/kg, continuous 120 W/kg, continuous 98 W/kg, continuous
5.3.1 Fuel-Cell/Battery Hybrid
The first hybrid configuration simulated is the fuel cell/battery hybrid system using
the Spectronic fuel cell combined with a 1500 mAh 4S LiPo battery. This type of
configuration is the most commonly used fuel cell hybrid system in UAV propulsion
[7, 95], and provides a baseline for comparision of the fuel cell/supercapacitor and fuel
cell/battery/supercapacitor hybrids.
The voltage, current, and power outputs of each of the power sources as well as the
total system output is given in Figure 5.4, with negative current or power signifying
recharging of that particular power source. The total system voltage in this configuration
is equal to the fuel cell voltage, so the total system voltage is omitted from Figure 5.4a
for clarity. In this configuration, no load smoothing is provided by the battery except at
high power when the battery boost is in operation. This can be seen in Figure 5.4a by
the instantaneous changes in voltage of the fuel cell during the step load tests. Similarly,
the fuel cell current and power must increase instantaneously to both increasing and
decreasing changes in load.
The battery provides boost power to augment the fuel cell starting with the 200 W
step load at 90 s, and then at each increase in step load up to 600 W. As the battery is
depleted, the battery is recharged by the fuel cell during the idle periods at a charge rate
of 1 A. This is visible during low power phases where the power generated by the fuel cell
exceeds that requested by the electrical load (Figure 5.4c). Under maximum power, the
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fuel cell and battery drop down in voltage to 14 V, with the total current required being
43 A to generate the 600 W electrical power demand. Predicted fuel cell power is 220 W,
due to the Spectronik fuel cell exceeding the nominal max power during bench tests in
Chapter 4.
0 50 100 150 200 250 300
Time (s)
12
14
16
18
20
22
V
ol
ta
ge
 (V
)
Fuel Cell
Battery
(a) Voltage
0 50 100 150 200 250 300
Time (s)
-10
0
10
20
30
40
50
Cu
rre
nt
 (A
)
Total
Fuel Cell
Battery
(b) Current
0 50 100 150 200 250 300
Time (s)
-200
0
200
400
600
800
Po
w
er
 (W
)
Total
Fuel Cell
Battery
(c) Power
Figure 5.4: Simulation of Pulse Test Fuel-Cell/Battery
5.3.2 Fuel-Cell/Supercapacitor Hybrid
In this subsection, the battery is removed and replaced with a Yunasko 7F 25 V super-
capacitor outlined in Chapter 4. This configuration provides load smoothing to the fuel
cell and boost power for the hybrid system, but reduces the duration of boost power
due to the limited energy density of the supercapacitor. As such, a shortened simulation
consisting of step loads from 100 W to 200 W in 50 W steps is given here (Figure 5.5).
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Figure 5.5: Simulation of Pulse Test Fuel-Cell/Supercapacitor Hybrid
Inspection of the voltage output curve shows immediately the effect of the superca-
pacitor. The fuel cell and supercapacitor voltages are tied together, and exhibit smooth
changes in voltage with load changes compared to the step-like voltage changes in the fuel
cell/battery configuration. Similarly, the fuel cell current and power are smoothed by the
use of the supercapacitor, with the supercapacitor providing up to 140 W of power during
the step increase in power from 50 W to 200 W at 90 s. In this hybrid configuration,
the time constant for the fuel cell in response to the 200 W load is 5 s, compared to the
fuel-cell/battery configuration with a time constant of 0.1s. The time constant is the time
required for the system to reach 63% of its steady state value in response to a step change.
This is based on the system performing like a first order linear time invariant (LTI) sys-
tem. The supercapacitor is recharged over a similar duration on the step down from 200
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W to 50 W at 100 s, enabling the fuel cell power to gradually decrease. Maximum super-
capacitor current is 7 A when providing current, and 8 A when absorbing current seen
as the -8 A at 100 s in Figure 5.5c. Thus, the supercapacitor has the characteristic of
being able to release and absorb power at the same rate, compared to the battery which
is limited to recharging at a greatly reduced speed.
Doubling the Supercapacitor Capacity
The effect of doubling the capacitance (energy capacity) of the supercapacitor is modelled
here to explore the relative changes in the contribution of the fuel cell and the supercapac-
itor to the total system output (Figure 5.6). Two 7 F 25 V supercapacitors in parallel are
modelled yielding an effective doubling of capacitance and a halving of the total internal
resistance. Because of the extra energy available with increasing capacitance, the maxi-
mum test power applied is increased from 200 W to 300 W. The same step load profile of
increasing power with rest periods of 50 W is applied.
In this configuration, the time constant of system voltage to load changes is doubled
to 10 s in response to a 200 W step load, with the fuel cell not reaching steady state
during any part of the step load tests. Although the same maximum power of 140 W is
supplied by the 14 F supercapacitor as the 7 F, the duration of boost is increased with 40
W of power still being applied by the 14 F supercapacitor at the end of the 10 s. During
the 300 W step (at 130 s), the supercapacitor provides over 200 W of power allowing the
fuel cell to gradually ramp to full power. Thus, doubling the supercapacitor capacitance
does not change the load split between the power sources during a step load change, but
increases the duration of the load smoothing supplied by the supercapacitor.
A direct comparison between the two supercapacitor configurations can be found in
the fuel cell output plot in Figure 5.7. The increase in supercapacitor capacitance yields
a doubling in the time constant of the voltage transient. The 200 W system load at 90
s pulls the 7 F configuration to 15.9 V while the 14 F remains above 16.5 V during over
the equivalent time period. Similarly, the fuel cell maximum current is 12 A with the 7 F,
while the fuel cell peaks at only 10 A with the 14 F supercapacitor. Overall, increasing
the capacitance enhances the duration of load smoothing to all transient loads.
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Figure 5.6: Simulation of Pulse Test Fuel-Cell/Supercapacitor Hybrid with 14 F
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Figure 5.7: Simulation of Supercapacitor Capacitance on Fuel-Cell/Supercapacitor Hybrid
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5.3.3 Fuel-Cell/Battery/Supercapacitor Hybrid
This simulation shows modelling of the fuel cell/battery/supercapacitor triple hybrid con-
figuration. The supercapacitor is connected directly across the output of the fuel cell and
battery hybrid system, as described earlier in this chapter. Voltage, current, and power
outputs are given in Figure 5.8.
Figure 5.8a shows the total system and battery voltage. The fuel cell and superca-
pacitor voltage are identical to the system voltage, and have not been plotted for clarity.
Similar to the fuel cell/supercapacitor configuration, the supercapacitor allows the total
system and fuel cell voltage to respond gradually to load changes without abrupt changes
in the voltage. At higher power levels, such as from 200 W and above, the fuel cell volt-
age reaches the battery voltage and the battery begins to provide additional power to the
system. This helps provide an effective floor to the overall voltage to operate the fuel
cell near maximum power, as seen at 190 s. Current and power show similar trends, with
the supercapacitor providing significant power during load changes to smooth out the
load seen by the fuel cell. During the 600 W step load, the supercapacitor provides 500
W of power during the initial transient before the fuel cell and battery power gradually
rises to meet the electrical load. In this configuration, it can be seen that the maximum
recharging power applied to the supercapacitor is 170 W at 200 s, which is nearly the
maximum power of the fuel cell. Thus, the supercapacitor is able to absorb the total
power of the fuel cell for a brief period of time to allow the fuel cell to gradually decrease
in power. The brief test is also able to keep the fuel cell operating above 50 W in each
of the 50 W rest intervals between 60 and 180 s. This keep the fuel cell operating in
the high efficiency part of the curve seen in Figure 4.4a, and has the potential to reduce
overall fuel consumption. Battery recharging also occurs when the battery is discharged
and excess power is available.
Doubling the Supercapacitor Capacity
In this triple hybrid configuration, the effective capacitance is doubled from 7F 25 V
to 14 F at 25 V through modelling of two modules in parallel. A comparison is then
made between the triple hybrid configuration using only one supercapacitor module. The
voltage, current, and power output are given in Figure 5.9.
There is a slight increase in the time constant for the voltage changes with the 14 F
configuration compared to the 7 F, particularly noticeable during decreases in electrical
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Figure 5.8: Simulation of Pulse Test Fuel-Cell/Battery/Supercapacitor Triple Hybrid
load. However, the impact of the supercapacitor capacity increase is clearly visible in the
current and power outputs. The fuel cell takes approximately 2.5 s to reach full power in
response to the 600 W step load under the 7 F configuration, and this is doubled to 5 s
in the 14 F supercapacitor configuration. Peak current and power is similar at 28 A and
500 W, respectively.
The fuel cell output when using no supercapacitor is compared with the output when
using 7 F and 14 F in the fuel-cell/battery/supercapacitor triple hybrid configuration.
Even with the battery in place, the supercapacitor has a large effect on the load output
generated by the fuel cell. With no supercapacitor, the fuel cell voltage experiences
almost instantaneous jumps in voltage, current, and power. Using the 7 F supercapacitor
decreases the fuel cell response required, with the supercapacitor providing the transient
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Figure 5.9: Simulation of Pulse Test Fuel-Cell/Battery/Supercapacitor Triple Hybrid with
14 F
load and allowing the fuel cell to ramp up. The supercapacitor is particularly useful at
moderate loads where the battery may not be used at all. For instance, the step load of
150 W yields a time constant of 5 s at 7 F, and 10 s with 14 F. Thus the supercapacitor
provides additional power during the transient to enable the fuel cell more time to power
up, reducing the rate of change of current and enhancing fuel cell life-time.
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5.4 Test Results
This section outlines the tests results using the same pulse test profile outlined previously
on the physical hardware. A 150 W Spectronik fuel cell, Turnigy 4S 1500 mAh battery,
and Yunasko 7F 25 V supercapacitor module outlined in Chapter 4 are integrated into
the hybrid configurations described. The battery charging circuit where applicable is set
to a 1 A charge rate.
5.4.1 Fuel-Cell/Battery Hybrid
The Spectronik fuel cell/battery hybrid system is used as the baseline hybrid system to
enable comparison with the active and passive supercapacitor hybrid architectures. The
battery used in this hybrid set-up is user configurable, and is the same 4S 1500 mAh
Turnigy battery outlined previously. The battery charging circuit comes supplied with
the Spectronik fuel cell system, and acts as a baseline hybrid configuration for comparison
with the fuel-cell/supercapacitor and fuel-cell/battery/supercapacitor architectures.
A series of step loads of increasing magnitude are used to evaluate the Spectronik fuel
cell/battery hybrid. These consist of pulses of constant power increasing from 100 W to
600 W in 100 W increments. Each power level is held for 10 s with 10 s of low power (50
W) between each power pulse. This sequence of rapid high power load changes is used to
validate and characterise the power distribution between the battery and fuel cell. The
power profile applied can be seen by the blue line at the bottom of Figure 5.11. The brief
vertical spikes in voltage, current, and power are due to the fuel cell short-circuiting and
can be ignored.
The voltage evolution of the battery and fuel cell can be seen at the top of Figure
5.11. The fuel cell voltage drops from its initial voltage of 22 V as power increases, with
the voltage dependent on the power delivered by the fuel cell. During rest periods, the
fuel cell voltage returns to a voltage of approximately 19 V as it recharges the battery.
The battery voltage does not vary as much with load, starting at 16.8 V and dropping to
a low of 15 V at the load at 360 s. When the load exceeds 150 W, the voltage of the fuel
cell and battery are tied together via voltage matching. Note that both voltage drops and
voltage increases in response to load changes are near instantaneous.
Inspecting the current evolution shows that that the fuel cell delivered current up
to a peak of 15 A, with all excess current delivered by the battery. There is also a
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Figure 5.11: Pulse Test Fuel-Cell/Battery
time constant of a few seconds as the fuel cell ramps up to the full power on the more
demanding loads (>300 W). This is due to the dynamics of the battery output voltage,
and to a lesser degree the dynamics of the fuel cell, which are not represented in the
steady state simulation models. Similarly, the power output of the fuel cell peaks at 200
W, with the balance of power supplied by the battery. Note that during the rest periods,
the fuel cell recharges the battery at 1 A (≈ 15 W).
5.4.2 Fuel-Cell/Supercapacitor Hybrid
This configuration combines the Spectronik fuel cell with a Yunasko 7 F 25 V superca-
pacitor module. The supercapacitor is connected directly to the output terminals of the
fuel cell controller to create a fuel-cell supercapacitor hybrid. This setup does not have a
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boost battery, so the total boost energy that can be delivered is limited.
A series of pulse loads increasing from 50 W to 200 W are applied to the hybrid
system, and the voltage, current, and power output given in Figure 5.12. The fuel cell
and supercapacitor voltage outputs are directly connected and equal, so only the fuel cell
voltage is shown for clarity. The voltage output in the fuel-cell/supercapacitor system
exhibits smooth transitions between each step load, in contract to the fuel-cell/battery
hybrid outlined in the previous section. A minimum of 14 V is reached at the end of the
200 W phase, while a maximum voltage of 21.2 V occurs when the fuel cell is idle at the
beginning and ends of the test.
The measured current and power outputs of the fuel-cell, supercapacitor, and system
match the simulation results. The supercapacitor provides an initial current and power
during increase in load, enabling the fuel cell to gradually ramp to steady state power.
The supercapacitor provides up to 7 A and 120 W, matching the 7 A and 140 W predicted
in Section 5.3.2. The supercapacitor also absorbs up to 7.5 A and 110 W of power on
the step power reduction from 200 W at 100 s. Overall, the fuel cell/supercapacitor is
able to provide the commanded electrical load with boost power from the supercapacitor
enabling the fuel cell to gradually ramp up and down in power.
Doubling the Supercapacitor Capacity
This configuration implements the same fuel-cell/supercapacitor system as the previous
section, but with two 7 F supercapacitors in parallel to form a total of 14 F. This doubles
the total energy stored in the supercapacitors. The load profile is modified to allow a peak
power of 250 W compared to the 200 W in the previous subsection. Voltage, current, and
power outputs are given in Figure 5.13.
The tests validate the predictions in the modelling of increased duration of load
smoothing without changes in the load split between the power sources. The super-
capacitor initially provides 120 W of power in response to the 200 W step load at 90 s,
which is the same as for the 7 F configuration. However, the 14 F module is still provid-
ing 50 W at 100 s, compared to 25 W with the 7 F supercapacitor. This demonstrates
that the capacitance can be increased to yield longer duration smoothing. Peak power
supplied by the supercapacitor is 140 W, with 130 W the maximum power absorbed by
the supercapacitor from the fuel cell. The voltage variation is reduced with the increasing
capacitance, with the fuel cell voltage reaching a minimum voltage of 15.2 V after the 200
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Figure 5.12: Pulse Test Fuel-Cell/Supercapacitor
W step compared to 14 V in the preceding section. The lowest voltage reached in this
test is 13 V at the end of the 250 W step.
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Figure 5.13: Pulse Test Fuel-Cell/Supercapacitor with 14 F
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5.4.3 Fuel-Cell/Battery/Supercapacitor Hybrid
A passive fuel-cell/battery/supercapacitor triple hybrid system is generated using the fuel
cell and battery, boosted with a Yunasko 7 F 25 V supercapacitor bank. This passive
system provides a comparison between the performance of the fuel-cell/battery and fuel-
cell/supercapacitor configurations outlined earlier.
To provide a comparison between the fuel-cell/battery and fuel-cell/battery/supercapacitor
set-up, an identical test consisting of increasing step loads from 0 to 600 W is applied.
The voltage, current, and power evolution of the fuel cell, battery, and supercapacitor to
this test profile are presented in Figure 5.14. Inspecting the voltage evolution, the fuel
cell experiences significantly reduced fluctuations in voltage with the supercapacitor. The
fuel cell voltage time constant changes from near instantaneous to 2.5 s on throttle up
and 5 s on throttle down. This reduces the stress on the fuel cell and promotes increased
fuel cell lifespan. Similarly, the current plot shows reduced transient loading on the fuel
cell, with a smooth increase in current for the fuel cell. For each pulse load, the initial
transient is taken up almost completely by the supercapacitor, with the battery kicking
in at higher powers and the fuel cell taking time to slowly ramp up. During the 600 W
step load, the supercapacitor supplies 400 W instantaneously, and then trends down to 0
W. During each of the idle phases, the supercapacitor is recharged by the fuel cell rapidly
at first and then with decreasing charge speed. The battery is also recharged by the fuel
cell, and at no point is the supercapacitor recharged by the battery.
Doubling the Supercapacitor Capacity
Doubling of the supercapacitor capacity in the fuel-cell/battery/supercapacitor module
achieves broadly the same results as in the fuel-cell/supercapacitor testing. The outputs
for each power component in the triple hybrid system are given in Figure 5.15.
The increased energy stored in the supercapacitor lengthens the duration of load
smoothing provided to the hybrid system. The voltage time constant on throttle up
is increased from 2.5 s to 5 s, and reaches 10 s on throttle down. Similar dynamics are
visible on the current output plot in Figure 5.15b. Overall, the supercapacitor provides
up to 20 A of current, and 320 W of power, which the battery provides a peak of 32 A
and 450 W at the end of the 600 W step load. During load reductions, the supercapac-
itor absorbs up to 13 A and 200 W of power from the fuel cell enabling it to smoothly
transition to reduced power demands.
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Figure 5.14: Pulse Test Fuel-Cell/Battery/Supercapacitor
The voltage time constants of the different fuel cell hybrid configurations is sum-
marised in Table 5.3. The fuel-cell/battery hybrid has the smallest time constant (and
highest resulting stress on the fuel cell). The addition of the supercapacitor increases the
time constant for both increases and decreases in power, with increasing supercapacitor
capacity yielding further smoothing to the fuel cell.
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Figure 5.15: Pulse Test Fuel-Cell/Battery/Supercapacitor with 14 F
Table 5.3: Fuel Cell Hybrid System Voltage Time Constants
Time Constant Time Constant
(50–200 W step) (200–50 W step)
Fuel-Cell/Battery <0.2 s <0.2 s
Fuel-Cell/Supercapacitor (7 F) 2.5 s 5 s
Fuel-Cell/Supercapacitor (14 F) 5 s 10 s
Fuel-Cell/Battery/Supercapacitor (7 F) 2.5 s 5 s
Fuel-Cell/Battery/Supercapacitor (14 F) 5 s 10 s
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5.5 Comparison of Modelling and Test Results
The availability of both modelling and test data enables the comparison of the two different
results and validation of the hybrid system modelling. In particular, the modelling of
the hybrid architecture and the theory of operations is verified, including the passive
architecture used to couple the supercapacitor into the hybrid system. The modelling of
the battery discharge and charge operation can also be validated by comparing the results
of the modelling with the test data.
A comparison of modelling with test results for the fuel-cell/battery/supercapacitor
hybrid system is given in Figure 5.16. The voltage, current, and power outputs for the
fuel cell, battery, and supercapacitor are presented along with the total system output.
The modelling results are illustrated by the solid lines, whilst the test results are the
dotted lines. The total voltage is equal to the fuel cell and supercapacitor voltage, and
the modelling and test results are in close agreement. During throttle up commands the
model and test results for the fuel cell voltage are within 0.5 V (4%), and within 0.8
V (5%) during throttle down commands. Similarly, the current and power results for
the fuel cell and supercapacitor show close agreement between model and test results.
The largest discrepancy in the model is the battery voltage, which has not accurately
modelled the battery voltage after it is discharged. However, the operation of the battery
hybrid system in charge and discharge is adequately modelled. The battery provides
boost current and power when required by the fuel cell, and charges the battery with
excess power from the system at 1 A (≈ 16 W). Thus, the modelling of the hybrid system
architecture is compared with the test results, with both showing the intended operation
of the fuel-cell/battery/supercapacitor hybrid system.
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Figure 5.16: Fuel-Cell/Battery/Supercapacitor Modelling and Test Results Comparison
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5.6 Chapter Conclusion
This chapter has detailed the design and architecture of the fuel-cell/supercapacitor hy-
brid system used for propulsion of a UAV. A comparison between the fuel-cell/battery,
fuel-cell/supercapacitor, and fuel-cell/battery/supercapacitor configuration is given, along
with simulation and testing of the different hybrid configurations in a range of test sce-
narios. In both simulation and hardware testing, the fuel-cell/battery architecture uses
the battery to provide excess power where required for relatively long durations when the
electrical load is above the maximum capability of the fuel cell. However, the fuel cell
is directly exposed to load transients, particular at light to moderate electrical loads. In
comparison, the fuel-cell/supercapacitor provides load smoothing in load scenarios, but
is limited in the duration of boost power available. The fuel-cell/battery/supercapacitor
configuration provides the advantage of load smoothing under all load transients with
boost power provided by the battery under longer high power phases. Thus, the triple
hybrid configuration offers the benefits of both the other configurations.
The following chapter builds on the testing here, where a high fidelity method via
hardware-in-the-loop testing is used to provide a repeatable closed loop environment. In
this testing environment the performance of the hybrid fuel cell system in characterised
for different configurations and operating conditions.
6. Hardware-in-the-Loop Testing
This chapter presents results and analysis of mission simulation and hardware-in-the-loop
testing on the fuel cell hybrid power system. These form a comprehensive set of ground
tests and ensure the fuel cell hybrid system performance is evaluated under representative
conditions and load scenarios. The hardware-in-the-loop simulation provides an accurate
and repeatable characterisation method and highlights the key differences between the
performance of the fuel-cell/battery and fuel-cell/battery/supercapacitor hybrids. This
is in contrast to flight testing in which consistent repeatable tests are almost impossible.
An overview of the hardware-in-the-loop architecture and setup can be found in Section
3.9.
First, mission simulation is presented as a simplified method of power system evalua-
tion. Following this, the baseline hardware-in-the-loop flight profile used as a representa-
tive UAV flight scenario is introduced. Next, results comparing the fuel-cell/battery and
fuel-cell/battery/supercapacitor hybrid configurations are presented with consideration of
battery capacity, battery recharge rate, supercapacitor capacity, and flight speed. Finally,
the impact of wind gusts is simulated to assess its effect on the hybrid propulsion system.
6.1 Mission Simulation
Mission simulation provides a simplified method to evaluate the performance of the electric
power system. In this testing, the power profile from a flight is used to compare different
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fuel cell hybrid configurations. This works as a precursor step to the full hardware-in-
the-loop simulation where the performance of the system is fed back into the simulator
to form a closed loop. The recorded power profile from a previous flight test of the Grob
is used to represent the power draw required by the overall propulsive system, and then
repeated on different configurations of the hybrid system. As such, all test configurations
are exposed to the same load profile.
6.1.1 Mission Simulation Representative Flight
The flight performance of the Grob UAV flight vehicle during one of the battery flight
tests is used as the representative flight for mission simulation on the fuel cell/battery
hybrid and fuel cell/battery/supercapacitor systems. This 15 minute flight consists of
numerous circuits around a flying field at different altitudes and airspeeds (Figure 6.1).
Following a moderate power climb, a period of low power cruise is followed by a higher
power cruise, and then a series of descent and climb stages of increasing throttle setting.
The power requirement recorded during the flight is used as the electrical load to evaluate
the power system on the ground (Figure 6.2).
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Figure 6.1: Mission Simulation Representative Flight
6.1.2 Impact of Supercapacitor Capacity
This subsection investigates the impact of the supercapacitor capacity, on the performance
of the overall fuel cell/hybrid system. In particular, three different configurations are
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Figure 6.2: Representative Flight Power Requirement
explored, namely no supercapacitor (fuel-cell/battery only), supercapacitor with a 7F 25
V (0.6 Wh) rating, and two supercapacitors in parallel to generate a 14F 25 V (1.2 Wh)
rating. The standard 4S 1500 mAh battery in the hybrid setup is used in parallel to
provide extended duration boost power as required.
The fuel cell and supercapacitor output voltage, current, and power are given in Fig-
ure 6.3. The biggest impact of the supercapacitors on the fuel cell is that it significantly
decreases the rate of change of both the voltage and current output. Without the super-
capacitor, the voltage time constant when throttling down is less than 1 second, compared
to a time constant of greater than 20 s when 14 F of capacitance is available. The super-
capacitor releases stored energy with sudden power increases and absorbs excess power
available on sudden throttle reductions, resulting in a reduced rate of voltage change with
a corresponding decrease in fuel cell degradation and increase in fuel cell life. Similarly,
the current and power output from the fuel cell is much smoother when the supercapacitor
is available, particularly at large load changes such as at 7.6, 7.8 and 8.4 min. Without
any supercapacitor, fuel cell power drops immediately to 20 W, while the 7F supercapac-
itor maintains power above 40 W and the 14 F supercapacitor maintains fuel cell power
above 60 W. Thus, the supercapacitor acts as a form of load smoothing to operate the
fuel cell with lower transients and reduced requirement for rapid dynamic response.
Looking at the supercapacitor current and power outputs, it can be seen that there
is significant current and power fluctuations between ± 5 A, and ± 100 W, respectively,
as the supercapacitor smooths out the more rapid transient loads. Thus, increasing the
capacity of the supercapacitor results in improved transient smoothing and load levelling,
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Figure 6.3: Impact of Supercapacitor Capacity
but at the expense of a weight penalty to carry the extra supercapacitor module.
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6.1.3 Impact of Battery Charge Rate
This subsection investigates the impact of the battery charge rate on the performance of
the overall hybrid system. For this test case, the fuel cell/battery hybrid is used within
no auxiliary supercapacitor connected. Two battery recharge rates of 1 A (0.67 C) and 4
A (2.67 C) are selected, with no change to the discharge performance. The nominal 1500
mAh 4S battery is used for both of these tests.
The voltage, current, and power outputs for the fuel cell and battery are presented
in Figure 6.4, with the battery voltage measured at the connection between the fuel cell
and the battery charge controller. During low power periods such as at 4 mins, the fuel
cell with the 4 A charge rate runs at a high power to recharge the battery compared to
the 1 A low charge rate This results in the fuel cell being operated at a lower voltage
(higher power) for the 4 A charge before returning to idle once charging is complete. For
example, towards the end of the test at 17.5 mins, the 4 A charge setting has completed
battery recharging and the fuel cell voltage returns to idle at 22 V. However, the 1 A
charge setting is still recharging the battery with the fuel cell operating at 21 V, and is
unable to return the battery to a fully charged state before the end of the test duration.
Peak charge power for the 1A setting is 20 W, whilst the 4 A setting can draw up to
70 W to recharge the battery, more than 50 % of the fuel cell power capability. Thus,
for mission profiles where extra power is required quickly, charging with the 4 A rate is
advantageous. There is negligible difference between the two configurations when both
the fuel cell and battery are supplying power.
6.1.4 Impact of Battery Capacity
This subsection looks at the impact of the battery capacity on the hybrid system perfor-
mance. In this configuration, a 7 F 25 V supercapacitor is connected in parallel to provide
the nominal supercapacitor configuration. Two different size batteries are compared, the
nominal battery size of 1500 mAh and a small 500 mAh battery. Both batteries have four
cells in parallel, and are rated to a discharge rate of 65 C. The 65 C rating corresponds
to 97.5 A for the 1500 mAh battery, and 32.5 A for the 500 mAh battery. The 1500
mAh battery has a weight of 208 g, while the 500 mAh batteries weights 70 g. The 4A
charging setting is used to ensure the small 500 mAh battery is quickly recharged when
excess power is available, given the limited energy stored in this battery.
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Figure 6.4: Impact of Battery Charge Rate
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The fuel cell and battery outputs during the test are presented in Figure 6.5. It can
be seen that the voltage outputs of the 1500 mAh and 500 mAh battery are very similar.
Under moderate loads, the 1500 mAh and 500 mAh battery perform almost identically.
However, under high electrical loads such as at 1.5 and 12 mins, the 500 mAh battery
experiences more voltage sag, resulting in a 0.5 V lower output. This forces the fuel cell
to run at a higher power due to the reduced battery and fuel cell terminal voltage. This
can be seen in the power output in Figure 6.5e, where the fuel cell clearly operates at a
higher power output for most of the test.
The 500 mAh battery must operate at a much higher C rate compared to the larger
battery. Because of this, the 1500 mAh battery also provides greater power than the
smaller battery and the total discharge and charge energy of the 1500 mAh battery is
greater. Peak battery current during the initial take-off roll at 1.5 mins is 60% higher
at 16 A for the 1500 mAh battery compared to 10 A for the 500 mAh battery. Due to
the reduced power contribution of the smaller battery, the recharging is also concluded
earlier for the battery. This is visible as the duration of negative current and power being
shorted.
Apart from the voltage difference at high power, the two batteries perform similarly
in terms of current and power output. The fuel cell operates within safe limits, except
for the high power pulse required at 12 minutes where the voltage drops lower with the
smaller battery. Thus, peak power of the battery and voltage sag under high power must
be considered to ensure the fuel cell voltage does not drop below safe operating conditions.
High C-rate batteries are recommended to reduce voltage drop and ensure safe operation,
particularly at high power.
6.2 Hardware-in-the-Loop Testing
6.2.1 Baseline Mission
For the tests presented here, the propulsive requirements are derived for the Grob G109
electric UAV fitted with a Spectronik fuel-cell system. This section discusses the results
of HWIL simulation of the fuel-cell/battery hybrid configuration as the baseline configu-
ration.
A simple UAV flight profile is generated to validate the set-up and performance of the
hardware-in-the-loop simulation. This mission involves a surveillance type mission to an
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Figure 6.5: Impact of Battery Capacity
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area of interest before a return to base. An automated take-off is performed with a climb
to 100 m altitude at a climb rate of 1 m/s. The UAV then cruises through 2 way-points
for 6 km before descending to 30 m altitude for a closer inspection of the area of interest.
After a low altitude pass of the area, the aircraft climbs back to 100 m altitude where it
cruises back to base and then descends for landing. All phases of flight are performed at
a target airspeed of 15 m/s. The ground trajectory, altitude and airspeed commanded by
the autopilot in the simulation is shown in Figure 6.6. Wind gusts and turbulence was
set to zero for this baseline test.
The aircraft altitude and airspeed closely follows the target flight profile, with a slight
overshoot of airspeed on the take-off roll and minor overshoot of altitude on the climb
out to 100 m. There is similar overshoot and undershoot in airspeed during transitions
between different flight phases, but airspeed is still maintained to within ±1 m/s. Al-
titude is maintained to within 5 m of the target altitude. The throttle command set
by the autopilot to maintain this flight path is given in Figure 6.7. It can be seen that
the autopilot maintains the target altitude and airspeed with minimal fluctuation in the
throttle command.
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Figure 6.6: Baseline HWIL Mission Ground Track, Altitude, and Airspeed
The fuel cell, battery, and overall system outputs can be seen in Figure 6.8. The
hybrid fuel cell system is able to provide adequate power during all stages of the simulated
mission. The fuel cell is the sole supplier of power for the majority of the mission, while
the battery is only required during high power climb stages. This is evident in Figure 6.8c,
where the fuel cell follows or exceeds the total system output for most of the time and
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Figure 6.7: Autopilot Throttle Command
the battery boost is either not required (0 W) or the battery is recharged by the fuel cell
(<0 W). A power below 0 W corresponds to that component being recharged by the fuel
cell. Peak power during this flight occurs in the main climb phase at approximately 350
W. Cruise power fluctuates between 95–110 W, with the fuel cell supplying all electrical
power to the propulsion system during this time. Descent stages in the flight correspond
to phases where zero power is required and the aircraft propeller is windmilling.
Throughout the flight profile, the fuel cell voltage fluctuates significantly in its op-
erating range from 16–23 V. Under high power phases, the voltage drops down to just
below 16 V and the battery begins to provide boost power for the fuel cell. Conversely,
during idle periods the fuel cell voltage reaches 20–21 V as the only load is the recharging
of the battery. The cruise phases of flight have the fuel cell operating between 16–17
V, depending on the amount of additional power required to recharge the battery. Note
that the fuel cell voltage responds almost instantaneously to changes in load, except near
maximum power where the battery dynamics also come into effect. Also visible as sharp
fluctuations in fuel cell voltage are the effects of fuel cell purging and short circuiting
required to maintain long term performance.
Current outputs of the fuel cell, battery boost and overall system closely follow the
results of the power output. Maximum system current for this baseline mission is 20 A,
with the fuel cell providing a maximum current of 10 A. The fuel cell current and power
responds almost instantaneously to changes in load to satisfy the electrical power demand.
The battery provides a maximum current of 13 A during this test profile.
Hydrogen fuel cells can operate efficiently at low temperatures (30–60◦C), and this
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Figure 6.8: Baseline HWIL Mission Voltage, Current, and Power Evolution
allows them to be started and ready for use rapidly. The fuel cell temperature is recorded
throughout the test (Figure 6.9a), and reaches a maximum of 52 ◦C during high power
stages of the simulated flight. During cruise the operating temperature of the fuel cell
fluctuates between 45–50 ◦C, and drops rapidly towards ambient temperature during idle
periods. Ambient temperature during this test was recorded at 24 ◦C.
Hydrogen fuel flow fluctuates throughout the test in direct correlation with the power
output of the fuel cell (Figure 6.9b). A peak fuel flow rate of 2.1 slpm is reached (excluding
spikes for purging) during climb, with an average fuel flow of 1.5 slpm during cruise. Total
hydrogen fuel consumed during the test is 27 L.
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Figure 6.9: Baseline HWIL Temperature and Fuel Flow
6.2.2 Impact of Cruise Speed
This section discusses the impact of cruise speed on the behaviour and performance of
the fuel cell hybrid propulsion system. For these tests, an identical flight profile is used
to the baseline but the target airspeed is changed. This could correspond with a need to
rapidly inspect an area in contrast to a more routine inspection. Two higher airspeeds
of 17 m/s and 19 m/s were chosen to compare to the baseline airspeed of 15 m/s. The
corresponding altitude and airspeed profiles for these are given in Figure 6.10. Although
the flight durations are different, the total distance covered in each simulated flight is the
same.
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Figure 6.10: Altitude and Airspeed for Cruise Speed Comparison
A comparison of the system power, voltage, and current for the different cruise speeds
6.2 Hardware-in-the-Loop Testing 122
is shown in Figure 6.11. As expected, a higher cruising speed corresponds to faster
completion of the flight profile, with a commensurate increase in the power requirement.
The 19 m/s airspeed completes the flight in 17 minutes, compared to the 15 m/s speed
which takes 21 minutes. However, power required for the 19 m/s profile during cruise
averages 175 W, which is 17% higher than the rated power of the fuel cell. This results
in the battery being discharged for the complete duration of cruise, and the fuel cell
operating near maximum power during cruise. At 17 m/s, the power required for cruise
is 130 W and the fuel cell is able to supply sufficient power for cruise without boost from
the battery. During climb phases, the higher airspeeds also require higher power, with
climb at 19 m/s peaking at 400 W compared to the climb at 15 m/s requiring 350 W.
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Figure 6.11: Impact of Cruise Speed on System Power, Voltage, and Current
With the increase in power required for the higher speed missions, there is a matching
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decrease in the voltage of the system (and fuel cell) output. At 19 m/s, the system
operates at voltages between 15–16 V during cruise, with the voltage decreasing over
time as the battery is discharged and its voltage decreases. At 17 m/s, the voltage hovers
close to 16 V and remains steady during each phase of cruise.
Similar to the system power output, the system current is significantly higher for high
speeds, with cruise at 19 m/s requiring 12 A compared to the 15 m/s cruise of 7 A. This
is an increase in current of 70%.
Higher speeds force the fuel cell to operate at much higher power levels for large periods
of time (Figure 6.12). Note that at 19 m/s, the power and current output of the fuel cell
do not change from take-off to the initial cruise up to 7 minutes. This demonstrates that
the fuel cell is already operating near its maximum power and the battery is providing
excess power as required.
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Figure 6.12: Cruise Speed Comparison Fuel Cell Current and Power
The fuel cell temperature does not vary greatly between the 15 m/s and 19 m/s cruise
speeds (Figure 6.13a). Maximum fuel cell temperature at 19 m/s is 53 ◦C, and cruise
operates at 50 – 52 ◦C. At 17 m/s, cruise temperature is approximately 50 ◦C, while at 15
m/s temperature fluctuates between 45–50 ◦C. Fuel flow is given in Figure 6.13b, and is
higher for the 19 m/s cruise, with peak fuel flow of 2.2 slpm compared to 2 slpm for 15 m/s
(apart from the short spikes in fuel flow visible due to purging of the fuel cell). Overall
fuel consumption for 17 m/s and 19 m/s is 27.7 L and 29.3 standard litres respectively,
increases of 4% and 10% over the 15 m/s flight speed.
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Figure 6.13: Cruise Speed Comparison Fuel Cell Temperature and Fuel Flow
6.2.3 Impact of Battery Capacity
This subsection looks at the impact of the battery capacity on the hybrid system perfor-
mance. In this configuration, no supercapacitor is used. Three different size batteries are
compared, the nominal battery size of 1500 mAh, a 1000 mAh and a 500 mAh battery.
All batteries have four cells in series (4S), and are rated to a discharge rate of 65 C. The
1500 mAh battery has a weight of 208 g, while the 1000 mAh and 500 mAh batteries
weigh 145g and 70 g, respectively. The same flight profile as the baseline is used for all
tests here.
The system and fuel cell outputs during the test are presented in Figures 6.14 and 6.15
respectively. It can be seen that the system voltage output using the 1500 mAh and 1000
mAh battery are very similar. Under all load conditions, the two configurations perform
almost identically. However, under high electrical loads, the 500 mAh battery experiences
greater voltage sag, resulting in a 1 V lower output. This is clearly seen in the take-off
roll that occurs at 1 minute, where the voltage dips to 14.5 V under load compared to
15.5–16.5 V for the other two battery sizes. This terminal voltage drop forces the fuel cell
to run at a higher power, visible in Figure 6.15b. This is because the 500 mAh battery
must operate at a much higher C rate compared to the larger battery (20 C vs 6.7 C
peak). Because of this voltage difference, the 1500 mAh battery provides greater power
than the 500 mAh battery and the total energy cycled through the 1500 mAh battery is
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greater.
Apart from the differences at high power, the three batteries perform closely in terms
of current and power output. Thus, voltage drop at peak power is a key consideration for
using batteries in fuel cell battery hybrid systems.
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Figure 6.14: Impact of Battery Capacity on System Voltage, Current, and Power
The impact of the battery capacity on the fuel flow and fuel consumption can be seen
in Figure 6.16. The 1000 mAh and 1500 mAh battery performs almost identically, whilst
the 500 mAh battery yields a increase in fuel consumption of 8% from 26.6 L to 28.6
L. The smaller battery requires the fuel cell to run at a higher power, especially during
climb. Thus, consideration should be given into whether undersizing the boost battery
will increase the fuel consumption over the duration of the mission.
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Figure 6.15: Impact of Battery Capacity on Fuel Cell Current and Power
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Figure 6.16: Impact of Battery Capacity on Fuel Flow and Consumption
6.2.4 Fuel-Cell/Battery/Supercapacitor Hybrid
In this section, the results are derived by HWIL testing of the fuel-cell/battery/supercapacitor
triple hybrid system. The standard 4S 1500 mAh battery in the hybrid setup is used in
parallel to provide extended duration boost power as required. The flight profile is the
same as for the baseline mission.
Impact of Supercapacitor Capacity
This subsection investigates the impact of the supercapacitor capacity on the performance
of the overall fuel cell/hybrid system. In particular, three different configurations are
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explored, namely no supercapacitor (fuel-cell/battery only), supercapacitor with a 7F 25
V rating, and two supercapacitors in parallel to generate a 14F 25 V rating.
The system, fuel cell, and supercapacitor electrical outputs are given in Figures 6.17,
6.18, and 6.19 respectively. The biggest impact of the supercapacitors is the decrease of
the rate of change of voltage and current output required from the fuel cell (Figure 6.18).
Without the supercapacitor, the fuel cell voltage time constant when throttling down is
less than 1 second, compared to a fuel cell time constant of greater than 20 s when 14 F of
capacitance is available. When throttling up at 10 mins, the time constant increases from
less than 1 s to 10 s. This is because the supercapacitor absorbs excess power on sudden
throttle reductions and releases power on throttle increases. The result is a reduced rate of
voltage change for the fuel cell, with a corresponding decrease in degradation and increase
in fuel cell life. Similarly, the current output from the fuel cell is much smoother when the
supercapacitor is available, particularly at large load changes such as at 9.2 and 15.2 mins.
This can be seen in the zoomed in sections in Figure 6.18a. Thus, the supercapacitor acts
as a load smoother to operate the fuel cell with less transients and reduced requirement
for dynamic response. Increasing the capacity of the supercapacitor results in improved
transient load smoothing, but at the expense of an increase in power system weight.
Looking at the supercapacitor current and power outputs (Figure 6.19), significant
current and power fluctuation exists between −2–7 A, and −20–120 W, respectively. The
larger 14 F supercapacitor is able to absorb slightly greater current from the fuel cell
during the load decrease at 9.2 mins and is still absorbing 1 A of current at 9.4 mins.
This compares to the 7 F module where the recharge current falls below 1 A at 9.3
mins. Furthermore, the 14F supercapacitor configuration provides a peak of 320 W on
the take-off roll, while the smaller 7F provides up to 280 W.
The supercapacitors have negligible effect on the rate of change in fuel flow (Figure
6.20a), due to the mission profile which operates the fuel cell at steady state power for
extended periods during cruise. Interestingly, a reduction in fuel consumption is also noted
with both supercapacitor capacities. The cause is reduced voltage fluctuation suppressing
battery recharging from being triggered during cruise in this particular flight. The fuel
consumption reduction is 5% from 26.9 to 25.6 L.
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Figure 6.17: Impact of Supercapacitor Capacity on System Output
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Figure 6.18: Impact of Supercapacitor Capacity on Fuel Cell Output
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Figure 6.19: Impact of Supercapacitor Capacity on Supercapacitor Output
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Figure 6.20: Impact of Supercapacitor on Fuel Flow and Fuel Consumption
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6.2.5 Impact of Wind Gusts
All preceding tests in this chapter have been conducted under ideal conditions with zero
wind and turbulence. However, a small UAV like the one used in this work could be
expected to encounter weather effects during flights, and these are likely to have a strong
impact on the aircraft performance. To investigate the impact on the vehicle and propul-
sion system, a windy condition is simulated in the HWIL.
A wind of 12 knots gusting to 25 knots (6.2 m/s gusting to 12.9 m/s) is implemented
in the FlightGear flight simulator. This is a high wind condition as the aircraft is only
cruising at 15 m/s. The logged flight profile of the aircraft with this wind condition can
be seen in Figure 6.21a, while the magnitude of wind over the course of the flight is given
in Figure 6.21b. The desired altitude of the aircraft is well maintained, but the aircraft
experiences significant fluctuations in airspeed as a direct result of the wind. Overall,
the commanded flight profile is followed but with considerably more variation than in the
previous tests.
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Figure 6.21: Flight Profiles with Wind and Turbulence
The autopilot is used to control the aircraft and works hard to maintain the com-
manded mission profile. A comparison of the throttle setting and power required with
and without wind is given in 6.22. It is clear that dramatic fluctuation in the throttle
setting and the corresponding electrical power is required to maintain the desired flight
path. Peak throttle setting with wind reaches 100% (600 W) compared to 65% (350 W)
in the calm flight condition.
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Figure 6.22: Comparison of Throttle and Power Setting with Wind
The performance of the fuel-cell/battery hybrid system is compared to the fuel-cell/
battery/supercapacitor hybrid with two different supercapacitor capacities. To ensure a
fair comparison, the total electric energy supplied for each flight is calculated. The total
electric energy supplied is calculated as the total energy delivered by the system,
Total Energy =
∫ t
0
V (t)I(t) dt (6.1)
where V (t) and I(t) are the voltage and current supplied by the hybrid system. Similar
formulas can be used to calculate the energy supplied by the fuel cell, supercapacitor, and
battery,
EnergyFC =
∫ t
0
VFC(t)IFC(t) dt (6.2)
EnergySC =
∫ t
0
VSC(t)ISC(t) dt (6.3)
EnergyB =
∫ t
0
VB(t)IB(t) dt (6.4)
where the subscripts FC, SC, and B denote fuel cell, supercapacitor, and battery
respectively.
With the random distribution of wind gusts for each flight, the total energy required
for each flight varies from 48.0 to 48.6 Wh, a maximum variation of 1.3% (Figure 6.23).
This confirms that the results of the simulated flights with wind gusts are comparable to
each other for the purpose of overall propulsion system performance.
Total system voltage, current, and power plots can be seen in Figure 6.24. Voltage
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Figure 6.23: Energy Consumption of Aircraft During Each Flight with Wind and Turbu-
lence
fluctuation decreases significantly with increasing supercapacitor configuration. In the
pure fuel cell/battery configuration, voltage varies during cruise from 16 V to 19 V (and
occasionally greater). The use of a single supercapacitor (7 F 25 V) to form the triple
hybrid results in a narrowing of the voltage band to 16.0–17.5 V in cruise, a reduction in
fluctuation of 50%. The larger supercapacitor configuration (14 F 25 V) reduces fluctua-
tions even further, keeping the voltage in the range of 16.2V–17.2 V for large parts of the
cruise (such as 11 to 17 mins). This is a reduction in fluctuation over the fuel-cell/battery
configuration of 67%. Furthermore, increased supercapacitor capacity reduces the rate of
change of voltage during large throttle changes, such as at 9 minutes. The total power
and current continue to exhibit large fluctuations in variation as this results from the
autopilot throttle commands in response to the wind gusts. Current during cruise from
10–17 mins varies from 0–17 A, while power fluctuations from 0–250 W with occasional
peaks up to 350 W.
Fuel cell current and power outputs show reduced fluctuation in the triple hybrid
configuration compared to the fuel cell/battery configuration (Figure 6.25). In the fuel
cell/battery system, the fuel cell power varies from 50 W to 170 W during cruise, while
the 7 F 25 V supercapacitor reduces power fluctuation primarily to the 110–150 W range
yielding a reduction in the power oscillation of 67%. The 14 F 25 V configuration provides
further load smoothing, with power during cruise in the 130–150 W range (11-17 mins).
Thus, the fuel cell power output range decreases from 50–170 W to 130–150 W, a reduction
of more than 83%. The fuel cell current shows similar load smoothing and reduced
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Figure 6.24: System Output with Wind Gusts
fluctuations, with current during cruise at 11–17 mins decreasing in range from 2–11 A
to 7–9 A. Fuel cell current and power during transients are also smoother with increased
supercapacitor, visible at 9 mins. Increasing supercapacitor capacity to 14 F reduces the
minimum fuel cell current and power during the throttle off period from approximately 1
A and 20 W to 2 A and 40 W, respectively.
The true extent of load smoothing done by the supercapacitor is seen in Figure 6.26.
The supercapacitor current fluctuates from −7 A to 7 A in cruise, with some greater
fluctuations up to 15 A during load changes. Power similarly shows fluctuations of ± 100
W in cruise, with peak power of 230 W recorded with the 7 F configuration, and 300 W
for the 14 F system.
The total energy cycled by the supercapacitor during this flight is determined by
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Figure 6.25: Fuel Cell Output with Wind Gusts
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Figure 6.26: Supercapacitor Output with Wind Gusts
integrating the current flow through the supercapacitor with respect to time. Separating
the current flow into positive and negative inputs, the energy stored and released by the
supercapacitor over this 25 min simulated flight exceeds 4 Wh (Figure 6.27). Both the 7
F and the 14 F configuration absorb and re-release similar amounts of energy to provide
load smoothing to the fuel cell. This suggests that the 7 F supercapacitor is sufficient to
smooth out the bulk of the transient load for this flight condition, and a further increase
in the supercapacitor capacity provides little additional benefit.
The energy released and absorbed by the battery and the supercapacitor can also be
evaluated by the state of charge of these power sources (Figure 6.28). It can be seen that
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Figure 6.27: Supercapacitor Energy
increasing the capacity of the supercapacitor decreases the drop in battery state of charge
during the initial take-off and climb phase. With no supercapacitor, the battery drops to
78% SOC whilst the 14 F configuration is still at 83% battery state of charge at the end
of the climb at 2.5 mins. The supercapacitor state of charge varies between 35% and 70%
during the hardware-in-the-loop simulation.
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Figure 6.28: Battery and Supercapacitor State of Charge
Fuel flow and total fuel consumption for each configuration is given in Figure 6.29. A
small increase in fuel consumption (32.4 to 33.8 L) is noted with increased supercapacitor
size, an increase of 1%. However, this is within the margin of error for the hydrogen flow
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meter. Fuel flow fluctuation decreases with the supercapacitor triple hybrid in correlation
with the fuel cell power output.
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Figure 6.29: Hydrogen Flow with Wind Gusts
A direct comparison between the energy storage of the supercapacitor with wind and
without wind is given in Figure 6.30. This data shows that without wind or turbulence, the
supercapacitor absorbs and re-releases 1.1 Wh of energy over the course of the simulated
flight. With wind and turbulence, the supercapacitor has greater fluctuations to deal with
and buffers 4 Wh of energy, almost 4 times the energy for the same flight profile. Thus,
the supercapacitor becomes increasingly active with greater load fluctuations on the triple
hybrid system.
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Figure 6.30: Comparison of Energy Release With and Without Wind Gusts
6.3 Chapter Conclusion 138
6.3 Chapter Conclusion
This chapter has outlined a testing methodology for validating the performance of electric
UAV power systems. Mission simulation and hardware-in-the-loop simulation are shown
to generate representative load cases on the hybrid power systems, allowing accurate
and repeatable tests on the performance of the fuel-cell hybrid powertrains. The effects
of parameters such as cruise speed, supercapacitor size, and battery size are evaluated
under the impact of mission profiles typically encountered by small electric UAVs. The
supercapacitor is determined to provide significant load smoothing to the fuel cell system,
increasing the rate of change of current time constant from 0.1 s to 10 s with a 14 F
configuration. Total energy absorption and re-release by the supercapacitor of 1.1 Wh
was measured over the simulated flight, and this impact increases almost fourfold when
the flight profile is operated under simulated gusty conditions.
In the next chapter, these different hybrid configurations are integrated into the Grob
G109 aircraft and flight tested. Both fuel-cell/battery and fuel-cell/battery/supercapacitor
triple hybrid architectures are flight tested, and a comparison is made between the two
different systems and the positive load smoothing effect of the supercapacitor.
7. Flight Testing
This chapter presents the results of flight testing of the fuel cell based hybrid power system.
Flight testing provides real world validation of the fuel cell hybrid systems, and generates
data under operating conditions that can be compared with the bench testing and used
to validate the hardware-in-the-loop results. Flight testing also verifies the correct closed
loop operation of the models when they are all integrated together in the hardware-in-
the-loop simulator. First, battery powered flight test results are presented to estimate the
aerodynamic drag characteristics of the Grob G109. Next, two fuel-cell/battery flight tests
are presented, and finally results for the test flights of the fuel-cell/battery/supercapacitor
triple hybrid system are detailed. Flight testing took place at locations around Sydney
and at a flight test facility on a University of Sydney farm.
All flight testing of the propulsion systems uses the Grob G109 model airframe outlined
in Section 3 and seen in Figure 7.1. A full table of all flight tests including early battery
tests and propulsion system optimisation can be found in Appendix F. Additional flight
data from the various tests can be found in Appendix G.
7.1 Battery Flight Tests
Initial battery powered flight tests are concerned with testing of the airframe, powertrain
(ESC, motor, and propeller) and ensuring the aircraft flight performance is within the
expected bounds. Later battery powered flights include refinements to the motor and
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Figure 7.1: Grob Undergoing Flight Testing
propeller to maximise the propulsive efficiency, and test modifications such as the intake
and exhaust vents for the fuel cell. During these flights, stall speed of the aircraft is
determined to be 11–12 m/s. An example of a battery flight test can be seen in Figure
7.2. These plots show the aircraft altitude, airspeed and electrical power, as well as the
ground track of the aircraft during its flight.
(a) Aircraft Altitude, Airspeed, and Electrical Power (b) Aircraft Ground Track
Figure 7.2: Battery Test 1 - Flight Data
Aerodynamic Drag Calculation from Flight Test Results
A series of manoeuvres are performed during the battery powered flight tests to enable
estimation of some of the aerodynamic parameters of the Grob for propulsion powertrain
optimisation and later use in the hardware-in-the-loop simulator.
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With the aircraft loaded to full flying weight, a series of power-off glide tests are
performed to estimate the zero lift drag coefficient CD0 and the Oswald span efficiency
e. With the power-off, the aircraft descends trading gravitational potential energy into
kinetic energy to maintain the velocity of the aircraft. The zero-lift drag coefficient can
be calculated by the best glide angle γbg, which is calculated as
γbg = sin
−1
( ∆h
V ·∆t
)
(7.1)
where ∆h is the change in altitude, V the flight velocity and ∆t the time taken
to descend. With the glide angle determined, the zero-lift drag coefficient CD0 can be
computed using the formula
CD0 =
W · sin(γbg)
1
2
ρ · V 2 · S (7.2)
where ρ is the density of air and S is the aircraft reference area (wing area). Based on
the two glides shown in Figures 7.3a and 7.3b, CD0 is determined to be 0.0640 and 0.0664.
Additional glide data used in the aerodynamic estimation can be found in Appendix G.
(a) Glide Test 1 (b) Glide Test 2
Figure 7.3: Glide Test Examples
In addition, the Oswald span efficiency e is calculated using the formula
e =
4CD0
pi · AR · tan2γbg (7.3)
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where AR is the aspect ratio of the aircraft. The calculated Oswald span efficiency
factor e for these two glide tests is determined to be 0.6153 and 0.6400 respectively. A
total of eight sets of glide test data were used to calculate the aerodynamic drag.
The overall results of the flight testing can be seen in Figure 7.4. The data points are
shown by the crosses, and the fitted curve shown by the solid line. The solid line is given
using the standard power required formula with the values of coefficients of CD0 , CLmd ,
and e of 0.062, 0.47, and 0.12 respectively. The estimated drag coefficient CD0 of 0.062 is
within 8% of the 0.0575 value estimated in Section 4.8.2. The coefficient of drag is given
by
CD = CD0 + k(CL − CLmd)2 (7.4)
where k is given by
k =
1
pi · AR · e (7.5)
CL is the lift coefficient, and CLmd is the lift coefficient for minimum drag. To calculate
the drag, the coefficient is dimensionalised by using the equation
D =
1
2
· ρ · V 2 · S · CD (7.6)
where ρ is the air density, V the airspeed, and S the reference area (wing area). The drag
equation fits the glide test data with an R-square value of 0.97.
7.2 Fuel-Cell/Battery Flight Tests
The fuel cell test flights on the Grob took place in November at properties in Pitt Town,
Sydney, and a University farm at Marulan.
7.2.1 Fuel-Cell/Battery Flight 1
Fuel cell/battery flight 1 took place in late November 2017 at Marulan using the optimised
propeller/motor combination for maximum efficiency. This flight test is used to validate
the performance of the fuel cell/battery hybrid system with the selected propeller and
motor combination. This flight consists of take-off, a series of circuits around the airfield
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(a) (b)
Figure 7.4: Aerodynamic Drag and Power Required Versus Airspeed
(a) Ground Track (b) Aircraft Altitude, Airspeed, and Electrical Power
Figure 7.5: Fuel-Cell/Battery Flight 1
and then landing. The aircraft ground track during the flight can be seen in Figure 7.5a,
and the aircraft altitude and airspeed is given in Figure 7.5b.
Power system voltage, current, and power can be seen in Figure 7.6. The voltage of the
fuel cell and battery stay matched for most of the duration of the flight. This means that
passive load sharing is occurring between the battery and the fuel cell. At the beginning
of the flight, the fuel cell is recharging the battery slightly with a high voltage of 18–19
V. The fuel cell voltage drops down to 15.2 during the take-off roll and climb, before it
settles at the cruise voltage of ≈ 16V. During the cruise portion of flight between 5 to 8
minutes, the fuel cell maintains voltage within a tight voltage range of 15.8–16.5 V. The
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fuel cell voltage drops during some climb phases, and returns to a high voltage during
descent before it is shutdown at the end of the flight at 11 mins.
A closer inspection of the current and power plot shows that the fuel cell supplies the
bulk of the current and power required, with additional boosts from the battery during
take-off at 4 mins, and as required at 6–7 minutes and 8.5–8.8 minutes. Peak system
current during take-off is 52 A for a total power of 780 W. During this time, the battery
is supplying most of the current and power with peak battery current and power of 47 A
and 710 W, respectively. During cruise, the battery contributes some current and power
when required such as at 6 mins and 8.5 mins. The Grob aircraft cruises at 16–18 m/s,
with total electrical cruise power in the 120–140 W range.
The fuel cell temperature and hydrogen fuel pressure can be seen in Figure 7.7a.
Hydrogen pressure decreases slowly over the flight from 0.43 bar to 0.3 bar, while fuel cell
temperature is held at approximately 45◦C by the fuel cell controller. Cooling airflow is
adequate to the fuel cell and the maximum operational temperature of 60◦ is not reached.
Hydrogen flow and total hydrogen consumed can be estimated based on the fuel cell
power and the steady state fuel consumption data (Section 4.2). The predicted flow rates
and consumption are given in Figures 7.7b, and show the total H2 consumed to be 7
standard litres. This corresponds well to the measured mass change of the hydrogen
storage system of 0.73 g, or 8.1 standard litres of hydrogen. This mass change was
determined by weighing each metal hydride canister before and after the flight. Peak
hydrogen flow of ≈ 0.9 standard litres per minute is recorded and this fuel flow rate
occurs for the length of the cruise from 6–10 mins.
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Figure 7.6: Fuel-Cell/Battery Flight 1 - Power System Performance
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Figure 7.7: Fuel-Cell/Battery Flight 1 - Temperature and Fuel Flow
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7.2.2 Fuel-Cell/Battery Flight 2
The second flight involves a similar flight profile of circuits around the airfield. This
flight involves low power cruise and validates the recharging of the hybrid battery system
in flight using excess power from the fuel cell. The aircraft ground track, altitude and
airspeed can be seen in Figure 7.8.
(a) Ground Track (b) Aircraft Altitude, Airspeed, and Electrical Power
Figure 7.8: Fuel-Cell/Battery Flight 2
The voltage, current, and power from the fuel cell, battery, and total system can be
seen in Figure 7.9. The fuel cell is at idle at 6 mins with a voltage of 21.5 V. During the
take-off roll, the voltage drops rapidly to 15.5 V as the power demand increases to its
maximum, before the voltage rises to 17 V for the beginning of cruise. Because the fuel
cell has excess power during portions of the flight, the fuel cell voltage is higher than the
battery voltage resulting in battery recharging seen at 8–11 mins. As the cruise power is
increased at 11 mins, the fuel cell voltage drops with the extra power demand and the
battery and fuel cell work in tandem again. During this part from 11–15 minutes, the
fuel cell and battery voltage stay within the range of 15.8–16.5 V.
The maximum current and power during takeoff is 38 A and 580 W respectively.
During cruise at 8 minutes, the current is 5–6 A with the fuel cell supplying all system
current in addition to recharging the battery. Cruise power increases from 100 W to 140
W in the same period of time. Recharging of the battery by the fuel cell during cruise is
validated by the negative 1A current and -15 W of power visible at 8.5–11 mins. At 11
min, the system current demand increases to 9–10 A and the battery again contributes
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to total current.
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Figure 7.9: Fuel-Cell/Battery Flight 2 - Power System Performance
The hydrogen pressure and fuel cell temperature are presented in Figure 7.10a and
7.10b. Compared to the flight in the previous subsection, the hydrogen pressure decreases
rapidly from 0.4 bar to just above 0.1 bar. This is due to the greater fuel cell power output,
and hence higher fuel flow. A total of 12 L of hydrogen is used, compared to the previous
flight usage of 8.1 L. A weight change of 1.3 g was recorded in the hydrogen storage
system, equating to an fuel usage of 14 L. This again compares well to the 12 L estimated
from the power output of the fuel cell. Peak fuel flow is much higher for this flight, with
a maximum of 2 slpm recorded on the take-off roll and flow rates of 1.2 slpm from 9 to 13
mins during the flight. Fuel cell temperature is maintained below 50◦C except for a small
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spike to 55 ◦C on the take-off roll. During cruise, the steady state fuel cell temperature
is 45–50 ◦C.
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Figure 7.10: Fuel-Cell/Battery Flight 2 - Temperature and Fuel Flow
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7.3 Fuel-Cell/Battery/Supercapacitor Flight Tests
Following the successful flights using the fuel-cell/battery hybrid propulsion system, the
supercapacitor module is integrated with the power system in the Grob UAV airframe to
form a fuel-cell/battery/supercapacitor triple hybrid. The supercapacitor is used to pro-
vide load smoothing to the fuel cell by either releasing or absorbing power during electrical
load changes. The flight testing aims to validate the performance of the supercapacitor in
the triple hybrid system, with results of two flight tests using this power system presented
here. These two flights represent two different types of flight profiles, with the first op-
erating for extended periods of time at constant throttle to represent performance under
cruise type conditions. The second test flight has numerous climb and descent phases
with increases and decreases in throttle setting to demonstrate performance under a more
dynamic flight profile.
7.3.1 Triple Hybrid Flight 1
The first triple hybrid flight test is approximately 10 minutes in duration. This flight
consists of take-off, climb to 50 m followed by cruise at approximately constant power for
a period of time. The aircraft altitude, airspeed, and electrical power consumed during
the flight is seen in Figure 7.11.
Figure 7.11: Triple Hybrid Flight 1 - Altitude, Airspeed, and Electrical Power
The voltage, current, and power delivered by each of the power system components
can be seen in Figure 7.12. The fuel cell idles at a voltage of 20–21 V, before dropping
to 14.5 V under the high power demand of the take-off roll. There is some fluctuation
in voltage due to throttle changes from 4–7 minutes, before the aircraft settles into a
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constant power cruise between 7–9 and 11-14 minutes. During this flight, it can be
seen that there is reduced voltage fluctuation of the fuel cell, battery, or supercapacitor,
particularly during cruise from 7–14 mins. This is primarily due to the constant throttle
setting being maintained for long periods during cruise, however the supercapacitor also
has a stabilising effect on the fuel cell and overall system voltage. Airspeed is maintained
at 16–18 m/s with power demand of ≈ 100 W for cruise.
The power source currents are displayed in Figure 7.12b, with negative current signi-
fying recharging of that component. During the initial throttle up on take-off, all three
components (fuel cell, battery, and supercapacitor) provide current for a total of 50 A.
The fuel cell and supercapacitor current can be seen more clearly in Figure 7.13, which
shows a zoomed in display of the current and power output of these components. Note the
gradual ramp up in fuel cell current to 10 A starting at 4.25 mins as the supercapacitor
provides a peak of 12 A during the initial throttle up. Power output shows a similar
trend, with the supercapacitor providing a peak power of 200 W in response to the large
increase in power demand allowing the fuel cell power to gradually ramp up. However,
once the current demand has decreased (and the voltage increasingly slightly), the fuel cell
and battery supply current while the supercapacitor absorbs current to recharge. Except
for the brief burst of power required from 9.5–10 mins, the battery and supercapacitor
provide minimal contribution to the system current and power. The battery provides
a higher power boost up to 100 W at 9.5 mins in response to a short period of climb.
The supercapacitor provides smoothing by providing up to ±20 W of power in cruise in
response to load fluctuations but because the load is relatively constant the voltage does
not fluctuate much and the supercapacitor is not highly active in absorbing or releasing
energy.
To quantify the impact of the supercapacitor on electrical load smoothing, the total
energy absorbed and released by the supercapacitor over the flight is shown in Figure 7.14.
The supercapacitor module absorbs 0.92 Wh of energy and releases 0.82 Wh of energy.
This compares to the fuel cell which released 23 Wh and the battery which released 5 Wh
but absorbed only 2 Wh of energy. Thus, the supercapacitor with a total energy storage
capacity of 0.47 Wh has cycled more than double its capacity over the course of a 10
minute flight.
Hydrogen pressure and fuel cell temperature are shown in Figure 7.15a. The hydrogen
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Figure 7.12: Triple Hybrid Flight 1 - Voltage, Current, and Power Evolution
pressure decreases from 0.5 bar to 0.25 bar as the hydrogen in the metal hydride cartridges
is depleted. Fuel cell temperature rises quickly to 53 ◦C before remaining steady at 48
deg◦C for most of the flight.
The fuel cell power, estimated fuel flow, and estimated hydrogen consumption are
given in Figure 7.15b. Steady state cruise fuel consumption is approximately 1.3 slpm,
and a total of 17 L of hydrogen was used over the duration of the flight.
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Figure 7.13: Triple Hybrid Flight 1 - Fuel Cell and Supercapacitor Current and Power
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Figure 7.14: Triple Hybrid Flight 1 - Supercapacitor Energy Release and Absorption
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Figure 7.15: Triple Hybrid Flight 1 - Temperature and Fuel Flow
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7.3.2 Triple Hybrid Flight 2
This flight demonstrates the operation of the fuel-cell/battery/supercapacitor triple hy-
brid in a more dynamic flight profile. The supercapacitor is most active during rapid
changes to throttle (and power), providing load smoothing to the fuel cell and boost
power for short bursts. It is anticipated in this flight test that the supercapacitor will
provide much greater quantity of load smoothing to the fuel cell system.
The ground track of this second triple hybrid flight test can be seen in Figure 7.16a.
A series of circuits were performed over a duration of approximately 10 minutes, with a
number of throttle changes ranging from high to zero throttle. The altitude and airspeed
over the duration of the flight can be seen in Figure 7.16b.
(a) (b)
Figure 7.16: Triple Hybrid Flight 2 - Ground Track and Flight Profile
The voltage, current, and power evolution of each power system component is pre-
sented in Figure 7.17. The time constant for fuel cell voltage transients is considerably
longer than the fuel-cell/battery flights due to the smoothing effect of the supercapacitor
module, particularly during decreases in throttle where the voltage time constant often
exceeds 10 s. The fuel cell and supercapacitor voltage fluctuate between 14 and 20 V,
while the battery voltage remains more constant at between 14–16.8 V.
The system current and power outputs show the large throttle changes commanded,
with numerous current spikes above 25 A with corresponding power requirements above
300 W, and two short bursts exceeding 500 W. These large throttle commands require
much more power from the hybrid system compared to the previous flight, with both
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the battery and the supercapacitor providing significant extra power and load smoothing
respectively. A zoomed in view of the fuel cell and supercapacitor current is given in
Figure 7.18. The supercapacitor module provides a maximum boost of 310 W during this
flight, with a maximum of 100 W absorbed during rapid throttle decreases. Peak current
for the supercapacitor exceeds 15 A when supplying power and 5 A when absorbing power.
The battery is also required to do much more, providing a peak power of 450 W and peak
current of 32 A.
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Figure 7.17: Triple Hybrid Flight 2 - Voltage, Current, and Power
Quantifying the supercapacitor load smoothing, the total energy released and absorbed
by the supercapacitor is given in Figure 7.19. For this more dynamic flight, the super-
capacitor releases 1.4 Wh of energy and absorbs 1.7 Wh. This is 70% more buffering
provided by the supercapacitor on the system compared to the previous flight. During
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Figure 7.18: Triple Hybrid Flight 2 - Fuel Cell and Supercapacitor Current and Power
this flight, the fuel cell released 21 Wh of energy, whilst the battery provided 7 Wh of
energy and used 3.5 Wh of energy to recharge.
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Figure 7.19: Triple Hybrid Flight 2 - Supercapacitor Energy Release and Absorption
The hydrogen fuel pressure and fuel cell temperature are given in Figure 7.20a. Hydro-
gen pressure begins the flight at 0.45 bar, and decreases to a low of 0.28 bar towards the
end of the flight. The fuel cell temperatures shows greater fluctuation than the previous
flight due to the increased load changes, with temperature being maintained in the range
of 35 to 55 ◦C, with the peak of 55 ◦C occurring during take-off where airspeed is low
and power demand is high.
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The estimated fuel flow and hydrogen consumed in plotted in Figure 7.20b. Fuel flow
fluctuates with the electrical load, with peaks of 2 slpm and decreases down to 0.3 slpm
during rapid descent phases of flight. Total fuel consumption for this flight is estimated
at 15 L of H2.
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Figure 7.20: Triple Hybrid Flight 2 - Temperature and Fuel Flow
7.4 Comparison between Hybrid Configurations
The variability in the test conditions makes it difficult to directly compare the results of
the flight testing for the fuel-cell/battery and fuel-cell/battery/supercapacitor. However,
general trends and observations can be drawn from the results presented in this chapter.
The flight tests validate the benefit of the supercapacitor in providing load smoothing to
the fuel cell, visible as voltage, current, and power fluctuations during the flight. The fuel-
cell/battery configuration exposes the fuel cell to considerable power fluctuation during
cruise, especially during low power cruise in flight 2 where rapid power fluctuations of up
to 20 W are noted. In comparison, the fuel-cell/battery/supercapacitor configuration uses
the supercapacitor to isolate these fast acting transients from the fuel cell, allowing the
fuel cell to essentially operate with maximum fluctuations during cruise of approximately
5 W. Thus, the flight tests clearly validate the benefit of the supercapacitor in providing
load smoothing to the hybrid system by reducing the magnitude of power fluctuations
experienced by the fuel cell by up to 75%. Similar benefits are noted in providing load
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smoothing during changes in throttle setting when comparing the hybrid systems with
and without the supercapacitor.
7.5 Chapter Conclusion
This chapter has presented flight test results of different fuel cell hybrid configurations,
including the world’s first flight test of a fuel-cell/battery/supercapacitor triple hybrid
power system for UAV propulsion. Flight test results using battery, fuel-cell/battery,
and fuel-cell/battery/supercapacitor configurations are included, and the effect of each
component in the different hybrid architectures is outlined in detail. The supercapacitor is
shown to provide load smoothing to the fuel cell, reducing the load fluctuation experienced
for improvements in fuel cell lifetime.
The following chapter will provide a conclusion to this dissertation, outlining the novel
contributions to knowledge and scope for future work.
8. Conclusion
Fuel cell based propulsion holds promise for extending the range and endurance of existing
small UAVs. Combining the advantages of electric propulsion with the benefit of a high
specific energy fuel source, it opens the door to new and increased uses of electric UAVs
for commercial and defence applications.
This work has provided a comprehensive investigation into the use of fuel cell based
hybrid systems, and in particular fuel-cell/battery and fuel-cell/battery/supercapacitor
hybrid architectures to enhance the capabilities of fuel cells for UAV propulsion. An
introduction to the concepts and theory behind fuel cell and hybrid power systems is
presented in Chapter 1, along with motivations and objectives for this body of work.
The basic building blocks used in the hybrid fuel cell systems are outlined in Chapter 3,
as well as the apparatus required to test and evaluate both individual components and
complete subsystems. Results of performance testing and modelling of these components
are presented in Chapter 4, along with estimation of the aircraft aerodynamic properties.
Chapter 5 details how each of the components are integrated to form a cohesive hybrid
powertrain, and the interaction between each of the components under simple test condi-
tions. Chapter 6 demonstrates the capability to use a high-fidelity hardware-in-the-loop
flight simulator to provide accurate and repeatable tests of the power system under air-
craft flight conditions. Finally, Chapter 7 presents validation of the fuel cell hybrid system
performance through multiple flight tests of different hybrid configurations.
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8.1 Contributions to Knowledge
This dissertation outlines the contributions of a successful research project into the use of
fuel-cell/battery/supercapacitor hybrid power systems for UAV propulsion. In particular,
this document disseminates the following achievements achieved during the research:
• First detailed investigation into the use of a supercapacitor hybrid system for fuel
cell UAV propulsion system.
Although supercapacitor hybrids have been explored and demonstrated in automo-
tive applications, literature is lacking on supercapacitor hybrids for an aircraft or
UAV application. Supercapacitors have a high power density and cycle lifetime that
make them attractive for load levelling and load smoothing applications. Signifi-
cant load smoothing is observed both in ground testing and flight testing using a
supercapacitor hybrid in this work.
• Development of a hardware-in-the-loop test bench facility incorporating a six degree
of freedom flight simulator.
The dynamic interaction of each power source in the hybrid system makes it difficult
to predict the performance of the overall system under conditions experienced in
flight. As an alternative, a high fidelity hardware-in-the-loop simulator has been
developed that allows the immersion of the complete hybrid electric power system
into a closed-loop simulation of the UAV. Complete with a hardware autopilot, this
facility enables precise and repeatable aircraft missions to be tested on the power
system without the extended time and risk required of flight testing. Effects such
as wind gusts that are difficult to accurately replicate through flight testing can be
simulated in a controlled manner.
• World-first flight demonstration of a fuel-cell/battery/supercapacitor hybrid system.
Flight testing serves as a validation of the capabilities and performance of the fuel-
cell/battery/supercapacitor hybrid power system. This work includes results of the
flight demonstration of a fuel-cell/battery/supercapacitor triple hybrid propulsion
system in a UAV. This is the first fuel-cell/battery/supercapacitor triple hybrid ever
flown in the world.
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Based on the work covered in this dissertation and a detailed analysis of the results,
the following conclusions can be drawn:
• The addition of a 7 F 25 V supercapacitor as a passive hybrid in parallel to the
150 W fuel cell enables an increase in the fuel cell response time required to a 200
W step load from less than 0.1 s to 5 s, as the supercapacitor provides most of the
power during the initial transient. This greatly reduces the rate of change of fuel
cell current for reduced fuel cell stress and should correspond to an improved fuel
cell lifetime. Integration of the supercapacitor in this manner enables it to be used
for load smoothing of the electrical demand on the fuel cell.
• The fuel cell response time required of the fuel-cell/supercapacitor hybrid is depen-
dent on the magnitude of the load as well as the capacitance of the supercapacitor.
A doubling of the capacitance from 7 F to 14 F corresponds to a doubling of the
time constant from 5 s to 10 s for a 200 W step load.
• Hardware-in-the-loop testing is used to evaluate the fuel cell hybrid systems in a
controlled and repeatable environment. The Grob G019 electric UAV aerodynamics
are modelled in a six degree of freedom flight simulator with a hardware autopilot
used to automatically control the flight path and throttle setting in the simulator.
The impact of the battery capacity on the fuel cell hybrid is investigated and it is
determined that a smaller battery requires the fuel cell to run at higher power due
to voltage drop under load compared to a larger sized battery. This extra power
increases the fuel consumption by 8% for the same test profile, but reduces the total
energy drawn from the battery.
• The supercapacitor provides significant load smoothing in the hardware-in-the-loop
simulation, increasing the fuel cell throttle down time constant from 0.1 to 20 s
and throttle up time constant from 0.1 to 10 s when 14 F of capacitance is used.
Turbulence and wind effects were found to greatly increase the demand on the
battery and supercapacitor hybrid system, with a 12 knots gusting to 25 knots wind
generating almost four times the load smoothing of 4 Wh compared to the calm
flight simulation of 1.1 Wh.
• Flight testing of the fuel-cell/battery/supercapacitor triple hybrid validates the ca-
pability of the supercapacitor to provide boost power during large throttle increases
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and provide load smoothing to the fuel cell. Flight testing is conducted on a 1:6
scale Grob G109 electric motor glider, with a 2.77 m wingspan and a take-off weight
of 6.5 kg. The 7 F 25 V supercapacitor absorbed and re-released more than 0.82 Wh
of energy during this 10 minute flight, with a peak power of 200 W supplied. The
energy that is cycled directly reduces the load changes experienced by the fuel cell
for increased lifetime. The supercapacitor demonstrated additional energy cycling
during the second test flight with greater than 1.4 Wh of energy absorbed and re-
leased, and a peak output power of 310 W observed during the take-off roll. This is
70% more buffering energy provided by the supercapacitor due to the more dynamic
nature of the flight.
8.2 Future Work
This research has provided a detailed investigation and demonstration of the capabilities
of fuel-cell/battery/supercapacitor triple hybrids for UAV applications. However, several
areas could benefit from further research to enhance the understanding and capabilities
of future systems.
• Although supercapacitors provide a high specific power component for use in a
hybrid system, batteries have advanced rapidly over the past few years with greatly
improved power and recharging capabilities. It would be interesting to explore the
use of state-of-the-art high power batteries as a comparison to supercapacitors for
load levelling and load smoothing, and whether the lower cycle lifetime of batteries
would impact the overall performance.
• The supercapacitors used in this work are relatively mature technology and do not
represent the latest developments. More advanced supercapacitors with greater
power or energy capacity may enable elimination of the battery for a fuel-cell/
supercapacitor only power system in a UAV.
• Active load levelling is not explored in this work due to the additional complexity
required to develop a robust and reliable system that could be flown in a research
UAV. However, using supercapacitors and/or batteries in an active load levelling
capacity could enable the fuel cell to run at constant power and be entirely decoupled
from the electrical load transients.
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• Photovoltaic panels (solar panels) could be added to the hybrid system to produce
a quadruple hybrid system for extended endurance.
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Appendix A: Fuel Cell UAVs
Table A1: Fuel-Cell-Powered UAVs
Name Organisation First
Flight
Fuel Cell
Manufacturer
Fuel
Cell
Power
(W)
UAV
Weight
(kg)
Wingspan
(m)
Powertrain
Config-
uration
Notes
Helios [35,36,64] NASA 2003 Hydrogenics 18500 1052 75.3 Hybrid Crashed, large scale
demonstrator
Hornet [34,136] Aerovironment 2003 Lynntech 0.17 0.38 Pure
FC
Hydride
Spider
Lion [12,41]
NRL 2005 Protonex 95 2.5 2 Pure
FC
3hr 19 min flight
Hy-Fly [37,38] FH-Wiesbaden 2005 Heliocentris 65 1.75 2 Compressed H2
– [137] AMI 2006 Adaptive
Materials Inc.
60 1.94 SOFC 4hr 19 min flight
– [40,81,83,85] Georgia Tech 2006 BCS Tech 500 16.4 6.58 Pure
FC
– [92,136] California State
University, LA
2006 Horizon 650 12.9 5.49
Puma [11,68] AFRL /
AeroVironment
2007 Protonex /
Millenium Cell
200 6.35 2.8 Hybrid 9 hr flight, PEMFC +
Li Ion, sodium
borohydride
Global
Observer
GO-0 [64]
Aerovironment 2007 53.3 Liquid H2, normally
ICE but some tests
used fuel cells
HyFish [138] DLR 2007 Horizon 1000 6 1 Pure
FC
Top speed of 124 mph
Pterosoar
[39,93]
California State
Uni., OSU
2007 Horizon 150 5 4 Hybrid 60 W boost battery
– [53] KAIST 2007 in-house 2 1.2 Sodium borohydride
Endurance
[41,94]
U Michigan 2008 AMI 5.3 SOFC Propane, Broke world
record with 10hr 15 min
flight
Puma [38] AeroVironment/AMI2008 AMI SOFC 7 hr flight on propane
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Table A1: fuel-cell-powered UAVs (continued)
Name Organisation First
Flight
Fuel Cell
Manufacturer
Fuel
Cell
Power
(W)
UAV
Weight
(kg)
Wingspan
(m)
Powertrain
Config-
uration
Notes
– [42] Colorado State
Uni.
2009 UTRC 600 13.4 5.54 Pure
FC
– [43] U Johannesburg 2009 Horizon H-100 100 5.4 2.31 Hybrid Battery only climb/FC
only cruise
Ion
Tiger [12,52,77]
NRL 2009 Protonex 550 16.1 5.18 Pure
FC
Compressed H2 - 2009
Liquid H2 - 2013
Boomerang
[38,63]
BlueBird 2009 Horizon
AeroPak
500 10 2.75 9hr flight
Skylark [57] Elbit 2010 Horizon
AeroPak
200 7.5 3
Bird Eye
650 [58]
IAI 2010 Horizon
AeroPak
11 3 7 h flight with fuel cell
power
Kenyalang [44] UT MARA
(Malaysia)
2010 Horizon 500 15 5 Pure
FC
CIAM-80 [139] CIAM
(RUSSIA)
2010 Horizon
AeroPak
200 Hybrid
EAV-1 [54,95] KARI 2010 Horizon
AeroPak
200 6.5 2.4 Hybrid LiPo battery
Grey-faced
Buzzard [45]
NCKU
(Taiwan)
2010 in-house 1000 30 3.4 Hybrid 5400 mAh LiPo battery
Robosoar/Faucon
H2 [60]
Robota
LLC/EnergyOr
Technology
2011 Energy Or 310 9 3 Hybrid 10 hr flight endurance,
LiPo hybridisation
– [47,48] KAIST, Chosun
Uni
2011 Horizon H-100 100 2.5 2 Hybrid LiPo
Stalker
eXtended
Endurance [62]
Lockheed
Martin
2011 AMI Ultra
Electronics
245 10 3.66 SOFC 8 + hrs flight, D245XR
solid-oxide fuel cell
Scaneagle [61] Insitu / NRL 2012 UTC Power 1500 22 3.11 2.5 hr flight
ThunderBird
[65]
Liaoning
General
Aviation
(China)
2012 257 10.5
Fuel
Cell-centric [46]
Nanyang
Technological
University
(Singapore)
2012 Horizon
[55] DSO
(Singapore)
2012 Horizon/DSO Hybrid LiPo
hybrid
EAV-2 [95,98] KARI 2012 Horizon 200 18 6.9 Hybrid Solar cell, fuel cell, LiPo
battery
XFC
(Experimental
FC) [12]
NRL 2013 Protonex /
Millenium Cell
550 9.1 3 Pure
FC
6 hr folding wing
expendable torpedo
launched test flown
RCTD
UAV [67]
Radiant Coral 2013 Energy Or 310 Hybrid EPOD EO-310-XLE,
LiPo batteries
– [49] Rzeszow
University of
Technology
2013 Horizon
AeroPak
200 3 Hybrid
– [10] Inha University 2013 custom 200 11.545 2.69 Hybrid
battery
DMFC stack, LiPo
battery
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Table A1: fuel-cell-powered UAVs (continued)
Name Organisation First
Flight
Fuel Cell
Manufacturer
Fuel
Cell
Power
(W)
UAV
Weight
(kg)
Wingspan
(m)
Powertrain
Config-
uration
Notes
– [96] KAIST, UST,
KU, KARI,
Chosun
2013 Horizon
AeroPak
200 7.5 2.9 Hybrid
FC
Ammonia Borate H2
generator, UCon
System RemoEye-006
Airframe
– [140] Chosun Uni 2013 Horizon 100 2.2 1.52 Hybrid LiPo, NaBH4 with
volume-exchange tank
Stalker
eXtended
Endurance [141]
Lockheed
Martin
2013 AMI Ultra
Electronics
245 3.66 SOFC 12 + hrs flight, D245XR
SOFC with larger tank
SkyBlade
360 [66]
ST Aerospace 2016 Horizon 9.0 3.0 Solid fuel (hydrogen
generating)
Raptor
E1 [142,143]
Arcola Energy,
Cella Energy,
SAMS
2016 Arcola Energy Solid fuel (hydrogen
generating)
Genii [50, 144] Washington
State University
Planned Horizon H1000 1000 25 5.5 Hybrid
battery
backup
Liquid H2 UAV, 8.5 L
liquid hydrogen, first
battery flight 2013
Silent
Falcon [145,146]
Silent Falcon
UAS Tech.
Planned Neah Power
Systems
Formira
Hybrid
bat-
tery/solar
Formic-acid fuel cell
– [51] Old Dominion
University
Planned Horizon H-100 100 Uses HydroStick metal
hydride hydrogen
canister
Appendix B: Fuel Cell Specs
Figure B1: Spectronik FLY-150 Manufacturer Polarisation Curve
Appendix C: Other Supercapacitors
NessCap 2.7 V 50 F Supercapacitor
The Nesscap 2.7 V 50 F electric double-layer-capacitor is selected for evaluation based on
its high rated specific energy and power. This device comes in a typical capacitor style
cylindrical casing with thin terminal leads. An image of the Nesscap supercapacitor is
shown in Figure C1, and specifications of the Nesscap supercapacitor are given in Table
C1.
Figure C1: Nesscap 2.7 V 50 Supercapacitor
The results of the discharge tests are visible in Figure C2. All tests start with the su-
percapacitor at the maximum terminal voltage of 2.7 V, and continue at constant current
until the voltage across the electronic load is 0 V. The discharge curve of the supercapac-
itor is a straight line, similar to that expected for a conventional (albeit smaller capacity)
capacitor. At 1 A, the capacity available is 40 mAh, while at the maximum current of
10 A the capacity is only 28 mAh before the voltage at the electronic load had reached
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Table C1: Nesscap Supercapacitor Specifications
Specification Value
Part Number ESHSR-0050C0-002R7
Capacity 50 F
Max current 10 A, continuous
37.5 A, burst
Max nominal voltage 2.7 V
Weight 11.3 g
Specific energy 4.5 Wh/kg
Specific power 2.3 kW/kg
9.0 kW/kg burst
zero. However, the full capacity can still be reached by discharging at a lower current, as
shown by the blue line continuing towards 40 mAh.
Figure C2: Supercapacitor NessCap 2.7 V 50 F Single Test Test
The supercapacitor is modelled using the simple equivalent-circuit model shown in
Figure 4.10. It consist of a capacitor and resistance in series [4]. The parameters are
determined from test results obtained with one NessCap 2.7-V, 50-F supercapacitor. A
least-squares method was used to solve for parameters Ri and C. Values of C = 48.90 F
and Ri = 0.03189 Ω were obtained, with a R
2-value of 0.9932. The test results and model
of the supercapacitor are shown in Figure C3.
In this test, both charge and discharge on the supercapacitor are performed at varying
currents of 5 A and 10 A, with rest periods of 0 A. This ensures that the model is robust
and representative of the different operating conditions expected to be encountered in a
fuel cell/supercapacitor hybrid system. The model provides an accurate prediction of the
supercapacitor performance over the complete 7 min test duration.
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Figure C3: Supercapacitor Modelling and Experimental Data Fit
NessCap 2.3 V 50 F Pseudocapacitor
A slight variant in the Nesscap series of electric double-layer capacitors is the pseudoca-
pacitor. This is essentially a hybrid capacitor, with the properties of a supercapacitor
but energy density increased slightly through the use of lithium doping. This enables it
to exhibit behaviours similar to a lithium battery. The voltage of the pseudocapacitor is
lower, with a maximum rated voltage of 2.3 V. A picture of the pseudocapacitor is shown
in Figure C4, with the specifications for the pseudocapacitor shown in Table C2.
Figure C4: Nesscap 2.3 V 50 F Pseudocapacitor
Table C2: Nesscap Pseudocapacitor Specifications
Specification Value
Part Number PSHLR-0050C0-002R3
Capacity 50 F
Max current 20.5 A, burst
Max nominal voltage 2.3 V
Weight 7.6 g
Specific energy 4.87 Wh/kg
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The same discharge test is applied to the pseudocapacitor to determine the perfor-
mance under load. Test currents between 1 – 10 A are used with the pseudocapacitor
fully charged to 2.3 V. The pseudocpacitor shows much greater variation of capacity with
load, with a capacity of 30 mAh at 1 A dropping to 11 mAh at 10 A, a decrease of 63%.
Furthermore, the discharge curve at 1 A is close to a straight line, while at 5 A and above
it more closely resembles a battery discharge curve with significantly quicker voltage drop
towards the end of the discharge cycle. Due to the poor performance at high currents, this
pseudocapacitor is not used for further hybrid integration. It is expected that currents in
excess of 10 A would be required for load smoothing on the Grob UAV power system.
Figure C5: Pseudocapacitor NessCap 2.3 V 50 F Single Test Test
Appendix D: Detail Design of Grob Glider
A detailed engineering drawing of the Grob G109 including internal constuction can be
found in Figure D1.
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Figure D1: Grob G109 Model Engineering Schematic
Appendix E: HWIL Data Files
XML File for Communication to FlightGear Flight Simulator
<?xml version="1.0"?>
<PropertyList>
<generic>
<output>
<line_separator>newline</line_separator>
<var_separator>newline</var_separator>
<chunk>
<name>throttle</name>
<format>%.6f</format>
<type>float</type>
<node>/controls/engines/engine/throttle</node>
</chunk>
<chunk>
<name>rpm</name>
<format>%.2f</format>
<type>float</type>
<node>/engines/engine/rpm</node>
</chunk>
<chunk>
<name>thrust</name>
<format>%.2f</format>
<type>float</type>
<node>/engines/engine/thrust_lb</node>
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</chunk>
<chunk>
<name>airspeed</name>
<format>%.2f</format>
<type>float</type>
<node>/velocities/airspeed-kt</node>
</chunk>
<chunk>
<name>altitude</name>
<format>%.2f</format>
<type>float</type>
<node>/position/altitude-ft</node>
</chunk>
<chunk>
<name>latitude</name>
<format>%.6f</format>
<type>float</type>
<node>/position/latitude-deg</node>
</chunk>
<chunk>
<name>longitude</name>
<format>%.6f</format>
<type>float</type>
<node>/position/longitude-deg</node>
</chunk>
<chunk>
<name>power</name>
<format>%.3f</format>
<type>float</type>
<node>/fdm/jsbsim/propulsion/engine/power-hp</node>
</chunk>
<chunk>
<name>wind-down</name>
<format>%.3f</format>
<type>float</type>
<node>/fdm/jsbsim/atmosphere/total-wind-down-fps</node>
</chunk>
<chunk>
<name>wind-east</name>
<format>%.3f</format>
<type>float</type>
193 Appendix E: HWIL Data Files
<node>/fdm/jsbsim/atmosphere/total-wind-east-fps</node>
</chunk>
<chunk>
<name>wind-north</name>
<format>%.3f</format>
<type>float</type>
<node>/fdm/jsbsim/atmosphere/total-wind-north-fps</node>
</chunk>
<chunk>
<name>heading</name>
<format>%.3f</format>
<type>float</type>
<node>/fdm/jsbsim/attitude/heading-true-rad</node>
</chunk>
<chunk>
<name>pitch</name>
<format>%.3f</format>
<type>float</type>
<node>/fdm/jsbsim/attitude/pitch-rad</node>
</chunk>
<chunk>
<name>roll</name>
<format>%.3f</format>
<type>float</type>
<node>/fdm/jsbsim/attitude/roll-rad</node>
</chunk>
</output>
</generic>
</PropertyList>
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Table F1: Grob G109 Flight Test Notes
No. Date Time Location Motor Battery Battery Remaining Propeller ESC
1 20-Oct-16 1:00 PM HMAS Hyperion 3025-08 2200 3s Turnigy Nanotech APC 10x10E Kontronik 70A
2 20-Oct-16 2:00 PM HMAS Hyperion 3025-08 2200 3s Turnigy Nanotech APC 10x10E Kontronik 70A
3 17-Nov-16 6:00 PM Marulan Hyperion 4020-08 2700 3s ThunderPower APC 15x10E Castle Phoenix 120 HV
4 18-Nov-16 10:30 AM Marulan Hyperion 3025-08 2700 3s ThunderPower 28% 3.75 3.75 3.75 APC 13x6.5E CC Phoenix 120 HV
5 18-Nov-16 7:00 PM Marulan Hyperion 3025-08 2700 3s ThunderPower 39% 3.79 3.79 3.80 APC 13x6.5E CC Phoenix 120 HV
6 19-Nov-16 11:00 AM Marulan Hyperion 3025-08 2700 3s ThunderPower 32% 3.77 3.77 3.77 APC 13x6.5E CC Phoenix 120 HV
7 22-Sep-17 12:30 PM Pitt Town Hyperion 3025-08 6000 4s Turnigy Nanotech APC 15 x 8E CC Phoenix 120 HV
8 22-Sep-17 2:00 PM Pitt Town Hyperion 3025-08 6000 4s Turnigy Nanotech 37% APC 15 x 8E CC Phoenix 120 HV
9 22-Sep-17 4:00 PM Pitt Town Hyperion 3025-08 6000 4s Turnigy Nanotech 41% APC 15 x 8E CC Phoenix 120 HV
10 9-Nov-17 12:00 PM Pitt Town Hyperion 3025-10 6000 4s Turnigy Nanotech 39% 3.80 3.79 3.79 3.80 APC 17x12E CC Phoenix 120 HV
11 9-Nov-17 2:00 PM Pitt Town Hyperion 3025-10 FC + 1500 4s Graphene APC 17x12E CC Phoenix 120 HV
12 9-Nov-17 4:00 PM Pitt Town Hyperion 3025-10 FC + 1500 4s Graphene 37 % 3.79 3.78 3.78 3.79 APC 17x12E CC Phoenix 120 HV
13 24-Nov-17 10:30 AM Marulan Rimfire .55 480 kV 6000 4s Turnigy Nanotech 75% 3.96 3.96 3.96 3.95 APC 17x12E CC Phoenix 120 HV
14 24-Nov-17 2:00 PM Marulan Rimfire .55 480 kV FC + 1500 4s Graphene APC 17x12E CC Phoenix 120 HV
15 25-Nov-17 9:00 AM Marulan Rimfire .55 480 kV FC + 1500 4s Graphene 71% 3.94 3.93 3.94 APC 17x12E CC Phoenix 120 HV
16 21-Feb-18 11:00 AM Pitt Town Rimfire .55 480 kV 6000 4S Turnigy Nanotech 81% 4.02 4.01 4.01 4.02 APC 17x12E CC Phoenix 120 HV
17 21-Feb-18 1:00 PM Pitt Town Rimfire .55 480 kV FC + 7F 25 V SC + 1500 4s APC 17x12E CC Phoenix 120 HV
18 21-Feb-18 3:00 PM Pitt Town Rimfire .55 480 kV FC + 7F 25 V SC + 1500 4s APC 17x12E CC Phoenix 120 HV
Appendix G: Flight Test Results
Battery Powered Glide Tests
This appendix contains additional data recording flight testing of the Grob G109 UAV.
Additional flight data found here includes
• Glide test data used to estimate the aerodynamic drag.
• Hybrid power system data from fuel-cell/battery flight tests.
• Data from fuel-cell/batttery/supercapacitor flight tests.
This section presents additional glide test data from flight tests.
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First Fuel Cell Flight at Pitt Town (Pre-flight 1)
This was the first fuel cell flight undertaken using the scale Grob 109 airframe on 09
November 2017, and is not the same as the fuel cell/battery flight 1 presented in Sec-
tion 7. Power is considerably higher in this test compared to the later tests due to a
poorly matched motor/propeller combination during this test. The Hyperion 3025-10 is
overpropped and required to provide much greater torque to the APC 17x12E propeller,
resulting in significantly greater current draw and reduced efficiency.
(a) Aircraft Altitude, Airspeed and Power (b) Ground Track
Figure G4: Aircraft Flight Profile of First Fuel Cell Flight at Pitt Town
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(a) Voltage (b) Current
(c) Power
Figure G5: Power System Voltage, Current, and Power Output
(a) Hydrogen Pressure (b) Fuel Cell Temperature
Figure G6: Fuel Pressure and Fuel Cell Temperature
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Figure G7: Hydrogen Fuel Flow and Fuel Consumption
202
Second Fuel Cell Flight at Pitt Town
(a) Aircraft Altitude, Airspeed and Power during
Flight 12
(b) Ground Track of Flight 12
Figure G8: Second Fuel Cell Flight Trajectory
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(a) Voltage (b) Current
(c) Power
Figure G9: Power System Voltage, Current, and Power Output
(a) Hydrogen Pressure (b) Fuel Cell Temperature
Figure G10: Fuel Pressure and Fuel Cell Temperature
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Figure G11: Hydrogen Fuel Flow and Fuel Consumption
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First Fuel Cell/Battery Flight
This section has further data from the fuel-cell/battery flight as described in Chapter 7.
Figure G12: First Fuel Cell/Battery Flight - Throttle Setting
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Second Fuel Cell/Battery Flight
This section has further data from the second fuel-cell/battery flight as described in
Chapter 7.
(a) Propeller and Motor RPM Flight 15 (b) Propeller Thrust, Efficiency and Advance during
Flight 15
Figure G13
Figure G14: Second Fuel Cell/Battery Flight - Throttle Setting
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First Fuel Cell/Battery/Supercapacitor Triple Hybrid Test Flight
Figure G15: Throttle Setting
(a) Power and Propeller RPM (b) Propeller Thrust, Efficiency and Advance Ratio
Figure G16: Propeller Performance during Triple Hybrid Flight Test 1
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Second Fuel Cell/Battery/Supercapacitor Triple Hybrid Test Flight
Figure G17: Throttle Setting
(a) Power and Propeller RPM (b) Propeller Thrust, Efficiency and Advance Ratio
Figure G18: Propeller Performance during Triple Hybrid Flight Test 1
Appendix H: DATCOM Input File
#
# Andrew Gong 2018
CASEID Grob G109 Fuel Cell Flight Conditions
DIM FT
$FLTCON NMACH=1.0,MACH=0.055,NALT=1.0,ALT=150.0,NALPHA=13.0,
ALSCHD=-4.0,-2.0,0.0,2.0,4.0,6.0,8.0,9.0,10.0,11.0,12.0,13.0,14.0,
GAMMA=0.0,WT=13.668,$
$OPTINS SREF=6.21,CBARR=.640,BLREF=9.09$
$SYNTHS XCG=1.31,ZCG=-0.108,XW=1.037,ZW=-0.197,ALIW=1.0,XH=3.84,
ZH=.797,ALIH=0.0,XV=3.38,ZV=0.0656,XVF=2.66,ZVF=0.787,VERTUP=.TRUE.$
$BODY NX=20.0,ITYPE=1.0, METHOD=2.0,
X=0.00328,0.044916,0.29429,0.54385,0.70389,0.79282,1.0418,1.2912,1.5408,1.7897,2.0389,2.288,2.5376,2.7865,3.0359,3.2851,3.5345,3.7851,4.1328,4.1689,
ZU=0.00328,0.070387,0.11875,0.15386,0.17436,0.23062,0.33248,0.34995,0.27364,0.1986,0.14002,0.10738,0.099073,0.098835,0.10094,0.10168,0.10168,0.082,0.07872,0.082,
ZL=-0.00656,-0.14948,-0.22837,-0.26317,-0.27552,-0.28361,-0.28179,-0.26874,-0.2469,-0.22814,-0.21392,-0.19357,-0.17849,-0.16245,-0.14277,-0.1243,-0.10667,-0.084624,-0.0656,0.0656,
R=0.00328,0.21031,0.25404,0.28609,0.30176,0.30809,0.3034,0.2952,0.27388,0.2378,0.1968,0.16027,0.14537,0.13594,0.12129,0.10802,0.095882,0.0492,0.0328,0.00328$
$WGSCHR TYPEIN=1.0, NPTS=49.0, DWASH=1.0,
XCORD=0.00000, 0.00102, 0.00422, 0.00960, 0.01702, 0.02650,
0.03802, 0.05158, 0.06694, 0.08422, 0.10330, 0.12403,
0.14643, 0.17037, 0.19558, 0.22221, 0.24998, 0.27891,
0.30861, 0.33933, 0.37056, 0.40243, 0.43469, 0.46733,
0.49997, 0.53274, 0.56525, 0.59750, 0.62938, 0.66074,
0.69133, 0.72115, 0.74995, 0.77773, 0.80435, 0.82970,
0.85350, 0.87590, 0.89644, 0.91571, 0.93299, 0.94848,
0.96192, 0.97344, 0.98291, 0.99034, 0.99571, 0.99891,
210
1.00000,
YUPPER=0.00055,0.002741,0.0086377,0.014418,0.020305,0.026565,
0.032856,0.03878,0.0447,0.050571,0.05583,0.060867,0.065665,0.069842,
0.073482,0.076711,0.079245,0.08088,0.081868,0.082126,0.081282,0.079832,
0.077796,0.074818,0.071461,0.067748,0.06362,0.05939,0.055061,0.050644,
0.046286,0.041968,0.037747,0.033655,0.029711,0.025944,0.022398,0.01905,
0.015968,0.013044,0.010349,0.007888,0.0056803,0.0038035,0.0023061,
0.0012233,0.00050272,0.00012322,0.0,
YLOWER=0.00055,-0.0019059,-0.0061549,-0.0092717,-0.011912,-0.014639,
-0.01683,-0.01877,-0.020547,-0.021748,-0.022821,-0.023606,-0.024054,
-0.024359,-0.024353,-0.024187,-0.023873,-0.023342,-0.022732,-0.021978,
-0.021145,-0.020251,-0.019279,-0.018282,-0.017259,-0.016219,-0.015181,
-0.01415,-0.013133,-0.01214,-0.011178,-0.010244,-0.0093528,-0.0084955,
-0.0076786,-0.0068947,-0.0061555,-0.0054349,-0.0047442,-0.004031,
-0.0032697,-0.0025258,-0.0017357,-0.0010701,-0.00054922,
-0.0002304,-0.000055984,-0.0000093696,0.0$
$WGPLNF CHRDR=.869,CHRDTP=.410,SSPN=4.54,SSPNE=4.216,
SAVSI=0.0,CHSTAT=0.00,TWISTA=0.0,DHDADI=4.0,TYPE=1.0$
$ASYFLP STYPE=4.0, NDELTA=9.0, PHETE=0.05228,
DELTAL(1)=-32.0, -20.0, -10.0, -5.0, 0.0, 5.0, 10.0, 20.0, 32.0,
DELTAR(1)= 32.0, 20.0, 10.0, 5.0, 0.0, -5.0, -10.0, -20.0, -32.0,
SPANFI=2.46, SPANFO=4.265, CHRDFI=0.098, CHRDFO=0.098$
SAVE
NEXT CASE
CASEID Grob Horizontal Tail Vertical Tail
NACA-H-4-0012
$HTPLNF CHRDR=0.558,CHRDTP=0.328,SSPN=0.869,SSPNE=0.869,
SAVSI=6.0,CHSTAT=0.00,TWISTA=0.0,DHDADI=0.00,TYPE=1.0$
NACA-V-4-0013
$VTPLNF CHRDR=0.787,CHRDTP=0.525,SSPN=0.722,SSPNE=0.689,
SAVSI=30.0,CHSTAT=0.00,TYPE=1.0$
$SYMFLP FTYPE=1.0, NTYPE=1.0,
NDELTA=9.0, DELTA(1)= -20.0, -15.0, -10.0, -5.0, 0.0, 5.0, 10.0, 13.0, 16.0,
PHETE=0.0522, PHETEP=0.0523, CB=0.0016, TC=0.0033,
CHRDFI=0.23, CHRDFO=0.098, SPANFI=0.0328, SPANFO=0.787$
TRIM
CASEID TOTAL Grob Fuel Cell
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(d) Eta CAMCarbon15x8
Figure I1: CAMCarbon 15x8 Propeller
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(d) Eta APCthinelectric16x10
Figure I2: APCthinelectric 16x10 Propeller
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(d) Eta APCthinelectric17x12
Figure I3: APCthinelectric 16x10 Propeller
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(d) Eta APCthinelectric16x12
Figure I4: APCthinelectric 16x12 Propeller
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Figure I5: CAMCarbon15x10 Propeller
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(d) Eta CAMCarbon15x12
Figure I6: CAMCarbon15x12 Propeller
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(d) Eta CAMCarbon15x14
Figure I7: CAMCarbon15x14 Propeller
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Figure I8: APCthinelectric15x8 Propeller
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Figure I9: APCthinelectric15x10 Propeller
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Figure I10: APCthinelectric16x8 Propeller
Appendix J: Motor Test Data
Hyperion ZS 3025-08
This is a 198 g motor with a kV of 970 RPM/V. The motor has a 8T winding pattern with
a magnet count of 14. Internal resistance is specified at 0.014 Ω, and zero load currentof
2.2 A at 10 V.
Figure J1: Hyperion ZS 3025-10 Motor Efficiency at 12 V
Eflite Power 52
This is a 346 g motor with a kV of 590 RPM/V. The motor has a specified internal
resistance of 0.016 Ω, and a zero load current of 2.3 A at 18.5 V.
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Figure J2: Eflite Power 52 Motor Effiicency at 13 V
(a) 13 V (b) 15 V
(c) 17 V
Figure J3: EFlite Power 52 Motor Efficiency
Appendix K: PIXHAWK Autopilot Settings
# Onboard parameters for system MAV 001
#
# MAV ID COMPONENT ID PARAM NAME VALUE (FLOAT)
1 1 BAT_CAPACITY -1 9
1 1 BAT_C_SCALING -1 9
1 1 BAT_N_CELLS 3 6
1 1 BAT_V_CHARGED 4.2 9
1 1 BAT_V_EMPTY 3.4 9
1 1 BAT_V_LOAD_DROP 0.07 9
1 1 BAT_V_SCALE_IO 10000 6
1 1 BAT_V_SCALING -1 9
1 1 CAL_ACC0_ID 0 6
1 1 CAL_ACC1_ID 0 6
1 1 CAL_ACC2_ID 0 6
1 1 CAL_ACC_PRIME 0 6
1 1 CAL_BARO_PRIME 0 6
1 1 CAL_GYRO0_ID 0 6
1 1 CAL_GYRO1_ID 0 6
1 1 CAL_GYRO2_ID 0 6
1 1 CAL_GYRO_PRIME 0 6
1 1 CAL_MAG0_ID 0 6
1 1 CAL_MAG0_ROT -1 6
1 1 CAL_MAG1_ID 0 6
1 1 CAL_MAG1_ROT -1 6
1 1 CAL_MAG2_ID 0 6
1 1 CAL_MAG2_ROT -1 6
1 1 CAL_MAG_PRIME 0 6
1 1 CBRK_AIRSPD_CHK 162128 6
1 1 CBRK_BUZZER 782097 6
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1 1 CBRK_ENGINEFAIL 284953 6
1 1 CBRK_FLIGHTTERM 121212 6
1 1 CBRK_GPSFAIL 240024 6
1 1 CBRK_IO_SAFETY 22027 6
1 1 CBRK_SUPPLY_CHK 894281 6
1 1 CBRK_USB_CHK 197848 6
1 1 COM_AUTOS_PAR 1 6
1 1 COM_DISARM_LAND 0 6
1 1 COM_DL_LOSS_EN 0 6
1 1 COM_DL_LOSS_T 10 6
1 1 COM_DL_REG_T 0 6
1 1 COM_EF_C2T 5 9
1 1 COM_EF_THROT 0.5 9
1 1 COM_EF_TIME 10 9
1 1 COM_HOME_H_T 5 9
1 1 COM_HOME_V_T 10 9
1 1 COM_RC_IN_MODE 0 6
1 1 COM_RC_LOSS_T 0.5 9
1 1 FW_AIRSPD_MAX 20 9
1 1 FW_AIRSPD_MIN 12 9
1 1 FW_AIRSPD_SCALE 1 9
1 1 FW_AIRSPD_TRIM 15 9
1 1 FW_CLMBOUT_DIFF 10 9
1 1 FW_FLAPERON_SCL 0 9
1 1 FW_FLAPS_SCL 1 9
1 1 FW_FLARE_PMAX 15 9
1 1 FW_FLARE_PMIN 2.5 9
1 1 FW_L1_DAMPING 0.8 9
1 1 FW_L1_PERIOD 25 9
1 1 FW_LND_ANG 5 9
1 1 FW_LND_FLALT 8 9
1 1 FW_LND_HHDIST 15 9
1 1 FW_LND_HVIRT 10 9
1 1 FW_LND_TLALT -1 9
1 1 FW_LND_USETER 0 6
1 1 FW_MAN_P_MAX 45 9
1 1 FW_MAN_R_MAX 45 9
1 1 FW_PR_FF 0.5 9
1 1 FW_PR_I 0.3 9
1 1 FW_PR_IMAX 1 9
1 1 FW_PR_P 1.5 9
1 1 FW_PSP_OFF 8 9
1 1 FW_P_LIM_MAX 45 9
1 1 FW_P_LIM_MIN -45 9
1 1 FW_P_RMAX_NEG 60 9
1 1 FW_P_RMAX_POS 60 9
1 1 FW_P_TC 0.1 9
1 1 FW_RR_FF 0.4 9
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1 1 FW_RR_I 0.05 9
1 1 FW_RR_IMAX 0.2 9
1 1 FW_RR_P 1 9
1 1 FW_RSP_OFF 0 9
1 1 FW_R_LIM 30 9
1 1 FW_R_RMAX 70 9
1 1 FW_R_TC 0.5 9
1 1 FW_THR_CRUISE 0.21 9
1 1 FW_THR_LND_MAX 1 9
1 1 FW_THR_MAX 1 9
1 1 FW_THR_MIN 0 9
1 1 FW_THR_SLEW_MAX 0.3 9
1 1 FW_T_CLMB_MAX 1 9
1 1 FW_T_HGT_OMEGA 3 9
1 1 FW_T_HRATE_FF 0.05 9
1 1 FW_T_HRATE_P 0.02 9
1 1 FW_T_INTEG_GAIN 0.1 9
1 1 FW_T_PTCH_DAMP 0.2 9
1 1 FW_T_RLL2THR 0 9
1 1 FW_T_SINK_MAX 1 9
1 1 FW_T_SINK_MIN 0.3 9
1 1 FW_T_SPDWEIGHT 1 9
1 1 FW_T_SPD_OMEGA 2 9
1 1 FW_T_SRATE_P 0.2 9
1 1 FW_T_THRO_CONST 8 9
1 1 FW_T_THR_DAMP 0.5 9
1 1 FW_T_TIME_CONST 5 9
1 1 FW_T_VERT_ACC 7 9
1 1 FW_WR_FF 0.2 9
1 1 FW_WR_I 0.1 9
1 1 FW_WR_IMAX 1 9
1 1 FW_WR_P 0.5 9
1 1 FW_W_RMAX 0 9
1 1 FW_YCO_METHOD 0 6
1 1 FW_YCO_VMIN 1000 9
1 1 FW_YR_FF 0.3 9
1 1 FW_YR_I 0 9
1 1 FW_YR_IMAX 0.2 9
1 1 FW_YR_P 0.05 9
1 1 FW_Y_RMAX 0 9
1 1 GF_ACTION 1 6
1 1 GF_ALTMODE 0 6
1 1 GF_COUNT -1 6
1 1 GF_MAX_HOR_DIST -1 6
1 1 GF_MAX_VER_DIST -1 6
1 1 GF_SOURCE 0 6
1 1 LAUN_ALL_ON 0 6
1 1 LAUN_CAT_A 30 9
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1 1 LAUN_CAT_MDEL 0 9
1 1 LAUN_CAT_PMAX 30 9
1 1 LAUN_CAT_T 0.05 9
1 1 LAUN_THR_PRE 0 9
1 1 LED_RGB_MAXBRT 15 6
1 1 LNDFW_AIRSPD_MAX 8 9
1 1 LNDFW_VELI_MAX 4 9
1 1 LNDFW_VEL_XY_MAX 5 9
1 1 LNDFW_VEL_Z_MAX 10 9
1 1 LPE_ENABLED 1 6
1 1 MAV_COMP_ID 1 6
1 1 MAV_FWDEXTSP 1 6
1 1 MAV_RADIO_ID 0 6
1 1 MAV_SYS_ID 1 6
1 1 MAV_TEST_PAR 1 6
1 1 MAV_TYPE 1 6
1 1 MAV_USEHILGPS 0 6
1 1 MIS_ALTMODE 1 6
1 1 MIS_DIST_1WP 900 9
1 1 MIS_ONBOARD_EN 1 6
1 1 MIS_TAKEOFF_ALT 2.5 9
1 1 MIS_YAWMODE 1 6
1 1 MT_ACC_D 0 9
1 1 MT_ACC_D_LP 0.5 9
1 1 MT_ACC_MAX 40 9
1 1 MT_ACC_MIN -40 9
1 1 MT_ACC_P 0.3 9
1 1 MT_AD_LP 0.5 9
1 1 MT_ALT_LP 1 9
1 1 MT_A_LP 0.5 9
1 1 MT_ENABLED 0 6
1 1 MT_FPA_D 0 9
1 1 MT_FPA_D_LP 1 9
1 1 MT_FPA_LP 1 9
1 1 MT_FPA_MAX 30 9
1 1 MT_FPA_MIN -20 9
1 1 MT_FPA_P 0.3 9
1 1 MT_LND_PIT_MAX 15 9
1 1 MT_LND_PIT_MIN -5 9
1 1 MT_LND_THR_MAX 0 9
1 1 MT_LND_THR_MIN 0 9
1 1 MT_PIT_FF 0.4 9
1 1 MT_PIT_I 0.03 9
1 1 MT_PIT_I_MAX 10 9
1 1 MT_PIT_MAX 20 9
1 1 MT_PIT_MIN -45 9
1 1 MT_PIT_OFF 0 9
1 1 MT_PIT_P 0.03 9
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1 1 MT_THR_FF 0.7 9
1 1 MT_THR_I 0.25 9
1 1 MT_THR_I_MAX 10 9
1 1 MT_THR_MAX 1 9
1 1 MT_THR_MIN 0 9
1 1 MT_THR_OFF 0.7 9
1 1 MT_THR_P 0.1 9
1 1 MT_TKF_PIT_MAX 45 9
1 1 MT_TKF_PIT_MIN 0 9
1 1 MT_TKF_THR_MAX 1 9
1 1 MT_TKF_THR_MIN 1 9
1 1 MT_USP_PIT_MAX 0 9
1 1 MT_USP_PIT_MIN -45 9
1 1 MT_USP_THR_MAX 1 9
1 1 MT_USP_THR_MIN 1 9
1 1 NAV_ACC_RAD 10 9
1 1 NAV_AH_ALT 600 9
1 1 NAV_AH_LAT -265847810 6
1 1 NAV_AH_LON 1518423250 6
1 1 NAV_DLL_AH_T 120 9
1 1 NAV_DLL_CHSK 0 6
1 1 NAV_DLL_CH_ALT 600 9
1 1 NAV_DLL_CH_LAT -266072120 6
1 1 NAV_DLL_CH_LON 1518453890 6
1 1 NAV_DLL_CH_T 120 9
1 1 NAV_DLL_N 2 6
1 1 NAV_DLL_OBC 0 6
1 1 NAV_GPSF_LT 30 9
1 1 NAV_GPSF_P 0 9
1 1 NAV_GPSF_R 15 9
1 1 NAV_GPSF_TR 0.7 9
1 1 NAV_LOITER_RAD 50 9
1 1 NAV_RCL_LT 120 9
1 1 NAV_RCL_OBC 0 6
1 1 PE_ABIAS_PNOISE 1e-05 9
1 1 PE_ACC_PNOISE 0.125 9
1 1 PE_EAS_NOISE 1.4 9
1 1 PE_GBIAS_PNOISE 1e-07 9
1 1 PE_GYRO_PNOISE 0.015 9
1 1 PE_HGT_DELAY_MS 350 6
1 1 PE_MAGB_PNOISE 0.0003 9
1 1 PE_MAGB_X 0 9
1 1 PE_MAGB_Y 0 9
1 1 PE_MAGB_Z 0 9
1 1 PE_MAGE_PNOISE 0.0003 9
1 1 PE_MAG_DELAY_MS 30 6
1 1 PE_MAG_NOISE 0.05 9
1 1 PE_POSDEV_INIT 5 9
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1 1 PE_POSD_NOISE 1.25 9
1 1 PE_POSNE_NOISE 0.5 9
1 1 PE_POS_DELAY_MS 210 6
1 1 PE_TAS_DELAY_MS 210 6
1 1 PE_VELD_NOISE 0.3 9
1 1 PE_VELNE_NOISE 0.3 9
1 1 PE_VEL_DELAY_MS 230 6
1 1 PWM_AUX_DISARMED 1000 6
1 1 PWM_AUX_MAX 2000 6
1 1 PWM_AUX_MIN 1000 6
1 1 PWM_AUX_REV1 0 6
1 1 PWM_AUX_REV2 0 6
1 1 PWM_AUX_REV3 0 6
1 1 PWM_AUX_REV4 0 6
1 1 PWM_AUX_REV5 0 6
1 1 PWM_AUX_REV6 0 6
1 1 PWM_DISARMED 0 6
1 1 PWM_MAIN_REV1 0 6
1 1 PWM_MAIN_REV2 0 6
1 1 PWM_MAIN_REV3 0 6
1 1 PWM_MAIN_REV4 0 6
1 1 PWM_MAIN_REV5 0 6
1 1 PWM_MAIN_REV6 0 6
1 1 PWM_MAIN_REV7 0 6
1 1 PWM_MAIN_REV8 0 6
1 1 PWM_MAX 2000 6
1 1 PWM_MIN 1000 6
1 1 PWM_SBUS_MODE 0 6
1 1 RC10_DZ 0 9
1 1 RC10_MAX 2000 9
1 1 RC10_MIN 1000 9
1 1 RC10_REV 1 9
1 1 RC10_TRIM 1500 9
1 1 RC11_DZ 0 9
1 1 RC11_MAX 2000 9
1 1 RC11_MIN 1000 9
1 1 RC11_REV 1 9
1 1 RC11_TRIM 1500 9
1 1 RC12_DZ 0 9
1 1 RC12_MAX 2000 9
1 1 RC12_MIN 1000 9
1 1 RC12_REV 1 9
1 1 RC12_TRIM 1500 9
1 1 RC13_DZ 0 9
1 1 RC13_MAX 2000 9
1 1 RC13_MIN 1000 9
1 1 RC13_REV 1 9
1 1 RC13_TRIM 1500 9
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1 1 RC14_DZ 0 9
1 1 RC14_MAX 2000 9
1 1 RC14_MIN 1000 9
1 1 RC14_REV 1 9
1 1 RC14_TRIM 1500 9
1 1 RC15_DZ 0 9
1 1 RC15_MAX 2000 9
1 1 RC15_MIN 1000 9
1 1 RC15_REV 1 9
1 1 RC15_TRIM 1500 9
1 1 RC16_DZ 0 9
1 1 RC16_MAX 2000 9
1 1 RC16_MIN 1000 9
1 1 RC16_REV 1 9
1 1 RC16_TRIM 1500 9
1 1 RC17_DZ 0 9
1 1 RC17_MAX 2000 9
1 1 RC17_MIN 1000 9
1 1 RC17_REV 1 9
1 1 RC17_TRIM 1500 9
1 1 RC18_DZ 0 9
1 1 RC18_MAX 2000 9
1 1 RC18_MIN 1000 9
1 1 RC18_REV 1 9
1 1 RC18_TRIM 1500 9
1 1 RC1_DZ 10 9
1 1 RC1_MAX 1900 9
1 1 RC1_MIN 1100 9
1 1 RC1_REV -1 9
1 1 RC1_TRIM 1500 9
1 1 RC2_DZ 10 9
1 1 RC2_MAX 1900 9
1 1 RC2_MIN 1100 9
1 1 RC2_REV 1 9
1 1 RC2_TRIM 1500 9
1 1 RC3_DZ 10 9
1 1 RC3_MAX 1901 9
1 1 RC3_MIN 1099 9
1 1 RC3_REV 1 9
1 1 RC3_TRIM 1099 9
1 1 RC4_DZ 10 9
1 1 RC4_MAX 1900 9
1 1 RC4_MIN 1100 9
1 1 RC4_REV -1 9
1 1 RC4_TRIM 1502 9
1 1 RC5_DZ 10 9
1 1 RC5_MAX 2000 9
1 1 RC5_MIN 1000 9
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1 1 RC5_REV 1 9
1 1 RC5_TRIM 1500 9
1 1 RC6_DZ 10 9
1 1 RC6_MAX 2000 9
1 1 RC6_MIN 1000 9
1 1 RC6_REV 1 9
1 1 RC6_TRIM 1500 9
1 1 RC7_DZ 10 9
1 1 RC7_MAX 2000 9
1 1 RC7_MIN 1000 9
1 1 RC7_REV 1 9
1 1 RC7_TRIM 1500 9
1 1 RC8_DZ 10 9
1 1 RC8_MAX 2000 9
1 1 RC8_MIN 1000 9
1 1 RC8_REV 1 9
1 1 RC8_TRIM 1500 9
1 1 RC9_DZ 0 9
1 1 RC9_MAX 2000 9
1 1 RC9_MIN 1000 9
1 1 RC9_REV 1 9
1 1 RC9_TRIM 1500 9
1 1 RC_ACRO_TH 0 9
1 1 RC_ASSIST_TH 0.333333 9
1 1 RC_AUTO_TH 0.666667 9
1 1 RC_CHAN_CNT 12 6
1 1 RC_DSM_BIND -1 6
1 1 RC_FAILS_THR 0 6
1 1 RC_KILLSWITCH_TH 0.25 9
1 1 RC_LOITER_TH 0 9
1 1 RC_MAP_ACRO_SW 0 6
1 1 RC_MAP_AUX1 0 6
1 1 RC_MAP_AUX2 0 6
1 1 RC_MAP_AUX3 0 6
1 1 RC_MAP_FAILSAFE 0 6
1 1 RC_MAP_FLAPS 0 6
1 1 RC_MAP_KILL_SW 0 6
1 1 RC_MAP_LOITER_SW 0 6
1 1 RC_MAP_MODE_SW 5 6
1 1 RC_MAP_OFFB_SW 0 6
1 1 RC_MAP_PARAM1 0 6
1 1 RC_MAP_PARAM2 0 6
1 1 RC_MAP_PARAM3 0 6
1 1 RC_MAP_PITCH 2 6
1 1 RC_MAP_POSCTL_SW 0 6
1 1 RC_MAP_RATT_SW 0 6
1 1 RC_MAP_RETURN_SW 0 6
1 1 RC_MAP_ROLL 1 6
232
1 1 RC_MAP_THROTTLE 3 6
1 1 RC_MAP_YAW 4 6
1 1 RC_OFFB_TH 0 9
1 1 RC_POSCTL_TH 0 9
1 1 RC_RATT_TH 0.5 9
1 1 RC_RETURN_TH 0 9
1 1 RC_RSSI_PWM_CHAN 0 6
1 1 RC_RSSI_PWM_MAX 1000 6
1 1 RC_RSSI_PWM_MIN 2000 6
1 1 RC_TH_USER 1 6
1 1 RTL_DESCEND_ALT 30 9
1 1 RTL_LAND_DELAY -1 9
1 1 RTL_RETURN_ALT 60 9
1 1 RWTO_AIRSPD_SCL 1.3 9
1 1 RWTO_HDG 0 6
1 1 RWTO_MAX_PITCH 20 9
1 1 RWTO_MAX_ROLL 25 9
1 1 RWTO_MAX_THR 1 9
1 1 RWTO_NAV_ALT 5 9
1 1 RWTO_PSP 0 9
1 1 RWTO_TKOFF 0 6
1 1 SDLOG_EXT -1 6
1 1 SDLOG_GPSTIME 1 6
1 1 SDLOG_RATE -1 6
1 1 SENS_BARO_QNH 1013.25 9
1 1 SENS_BOARD_ROT 0 6
1 1 SENS_BOARD_X_OFF 0 9
1 1 SENS_BOARD_Y_OFF 0 9
1 1 SENS_BOARD_Z_OFF 0 9
1 1 SENS_DPRES_ANSC 0 9
1 1 SENS_DPRES_OFF 0 9
1 1 SENS_EN_LL40LS 0 6
1 1 SENS_FLOW_ROT 0 6
1 1 SYS_AUTOCONFIG 0 6
1 1 SYS_AUTOSTART 1004 6
1 1 SYS_COMPANION 0 6
1 1 SYS_PARAM_VER 1 6
1 1 SYS_RESTART_TYPE 0 6
1 1 SYS_USE_IO 1 6
1 1 TRIG_MODE 0 6
1 1 TRIM_PITCH 0 9
1 1 TRIM_ROLL 0 9
1 1 TRIM_YAW 0 9
1 1 UAVCAN_ENABLE 0 6
1 1 VT_TYPE 0 6
Appendix L: Additional HWIL Figures
HWIL of Fuel-Cell/Battery Hybrid
Impact of Battery Capacity
Figure L1: Altitude and Airspeed for Battery Capacity Comparison
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HWIL of Fuel-Cell/Battery/Supercapacitor Hybrid
Impact of Supercapacitor Capacity
Figure L2: Altitude and Airspeed for Supercapacitor Capacity Comparison
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Impact of Wing Gusts/Turbulence
Figure L3: Ground Track with Wind and Turbulence
Appendix M: Gudmundsson Drag Calc
This section contains the details used for drag estimation based on Gudmundsson’s com-
ponent drag buildup method [132].
Table M1: Component Drag Buildup Method
Flight Condition
Air temperature T 25 deg C
Airspeed V 18 m/s
Viscocity of air µ 1.83723E-05
Altitude H 0
Density of air ρ 1.225 kg/m3
Dynamic pressure q 198.45
Wing HT VT Fuselage
Chord,root CR 0.265 0.172 0.23 1
Chord,tip CT 0.132 0.095 0.16 1
Exposed halfspan b/2 1.22 0.262 0.195 0.095
Exposed planform area Si 0.48434 0.069954 0.07605 -
Reference area Sref 0.549845
Reference wingspan b/2 2.77
Aspect ratio AR=b2/Sref 13.95465995
Wetted area booster kb 1.07 1.05 1.05 -
Wetted area Sweti=2Si*kb 1.0364876 0.146903 0.159705 0.403959917
Location of max t (x/c)max 0.5 0.5 0.5 0.339622642
Thickness to chord ratio t/c 0.15 0.1 0.15 0.179245283
Skin roughness value k 5.1816E-07 5.18E-07 5.18E-07 5.1816E-07
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Root Chord
Upper surface transition 0.45 0.5 0.3 0.05
Lower surface transition 0.45 0.5 0.3 0.05
Reynolds number based
on CR
318046 206430 276040 1200174
Cutoff Reynolds number 39221524.75 24880438 33786716 158798562.9
Analysis Reynolds
number
318046 206430 276040 1200174
Upper surface fictitious
trans
0.193575532 0.243132 0.158439 0.029796558
Upper surface skin
friction
0.004632269 0.005048 0.005346 0.004428857
Lower surface fictitious
trans
0.193575532 0.243132 0.158439 0.029796558
Lower surface skin
friction
0.004632269 0.005048 0.005346 0.004428857
Average root skin friction 0.004632269 0.005048 0.005346 0.004428857
Tip Chord
Upper surface transition 0.6 0.5 0.3 0.05
Lower surface transition 0.5 0.5 0.3 0.05
Reynolds number based
on CT
158423 114016 192028 1200174
Cutoff Reynolds number 18828291.67 13316483 23056050 158798562.9
Analysis Reynolds
number
158423 114016 192028 1200174
Upper surface fictitious
trans
0.300911752 0.303752 0.181537 0.029796558
Upper surface skin
friction
0.005079241 0.006053 0.005872 0.004428857
Lower surface fictitious
trans
0.268504068 0.303752 0.181537 0.029796558
Lower surface skin
friction
0.005467453 0.006053 0.005872 0.004428857
Average root skin friction 0.005273347 0.006053 0.005872 0.004428857
Cfavg panel 0.004952808 0.00555 0.005609 0.004428857
Drag Analysis
Sweep angle 0 5 40
Form factor 1.350625 1.209239 1.280438 1.359484288
Interference factor, IF 1 1.05 1.05 1
Weighted drag factor 0.006933466 0.001035 0.001204 0.002432227
Skin friction drag 0.021106355
Additive Drag
Prescence of engine cowl 0.002
Trim drag
Cooling drag for fuel cell 0.003940504
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Propeller stopped 0.015983307 Assume blade angle equal
to pitch
Main landing gear 0.002204621 Type I landing gear -
deltaCDS=0.55
Tail wheel 0.00015277
Canopy 0.000581982 Delta CDS = .05, Figure
15-58
Miscellaneous drag 0.024863185
CRUD 1.25
Minimum drag
coefficient
0.057461925
